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Abstract

The five noble gases (helium, neon, argon, krypton, and xenon) are biologically and chemically inert, mak-
ing them ideal oceanographic tracers. Additionally, the noble gases have a wide range of solubilities and
molecular diffusivities, and thus respond differently to physical forcing. Tritium, an isotope of hydrogen, is
useful in tandem with its daughter helium-3 as a tracer for water mass ages. In this thesis, a fourteen month
time-series of the five noble gases, helium-3 and tritium was measured at the Bermuda Atlantic Time-series
Study (BATS) site. The time-series of five noble gases was used to develop a parameterization of air-sea gas
exchange for oligotrophic waters and wind speeds between 0 and 13 m s~ ! that explicitly includes bubble
processes and that constrains diffusive gas exchange to + 6% and complete and partial air injection pro-
cesses to + 15%. Additionally, the parameterization is based on weeks to seasonal time scales, matching the
time scales of many relevant biogeochemical cycles. The time-series of helium isotopes, tritium, argon, and
oxygen was used to constrain upper ocean biological production. Specifically, the helium flux gauge tech-
nique was used to estimate new production, apparent oxygen utilization rates were used to quantify export
production, and euphotic zone seasonal cycles of oxygen and argon were used to determine net community
production. The concurrent use of these three methods allows examination of the relationship between the
types of production and begins to address a number of apparent inconsistencies in the elemental budgets of
carbon, oxygen, and nitrogen.

Thesis Supervisor: William Jenkins
Title: Senior Scientist, Woods Hole Oceanographic Institution
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Chapter 1

Introduction



1.1 Motivation

The ocean plays a key role in the biogeochemical cycle of many climatically relevant gases such as COo,
CH,, NyO, etc. These gases are at historically unprecedented levels in today’s atmosphere (e.g. Keeling
et al., 1996; Petit et al., 1999; Fluckiger et al., 1999; Spahni et al., 2005) and thus the exchange of gas
between the atmosphere and the ocean is of particular importance. The ocean is a significant sink for
anthropogenic CO, (Siegenthaler and Sarmiento, 1993; Cox et al., 2000) but exactly how CO3 is sequestered
and how this amount will change with time is not well understood. For example, recent evidence suggests
that the Southern ocean sink of COs is becoming saturated (Le Quéré et al., 2007). Other gases than CO also
have potentially varying sources and sinks in the ocean. The primary natural sources of NoO are emission
from ocean upwelling regions and from tropical soils. Since the magnitude and location of denitrification
may change with climate, the oceanic source of NoO may change as well. Another climatically relevant gas,
DMS, is produced in the ocean and diffuses into the atmosphere, where through the CLAW hypothesis it
may participate in important climate feedbacks (Charlson et al., 1987).

All gases in the atmosphere and ocean cross the air-sea boundary and thus are affected by air-sea gas
exchange. The challenge is that air-sea gas exchange is a complicated, dynamical physical problem which
is very difficult to measure directly. Thus bulk parameterizations of air-sea gas exchange flux have been
developed to allow researchers to calculate the net result of air-sea gas exchange for a given gas in a given
condition (Liss and Merlivat, 1986; Wanninkhof, 1992; Wanninkhof and McGillis, 1999; Nightingale ct al.,
2000). Recent studies suggest that these earlier estimates may be too large by approximately 20% to 30%
(Ho et al., 2006; Sweeney et al., 2007). These air-sea flux relationships are important for global climate
change models as well as for flux calculations. For example, bulk parameterizations have been used in
conjunction with maps of surface seawater pCO> to infer air-sea CO2 fluxes for different regions of the
ocean (Takahashi et al., 1997). Additionally, quantification of air-sea gas exchange fluxes is necessary for
biogeochemical research that uses gases as tracers to investigate key problems. For example, O2/N; ratios
in the atmosphere can be used to infer partitioning of CO» between land and ocean sinks (e.g. Keeling et al.,
1993; McKinley et al., 2003; Bender et al., 2005) and O, measurements in the ocean can be used to infer net
community production (e.g. Jenkins and Goldman, 1985; Craig and Hayward, 1987; Emerson, 1987). One

sign of the ubiquity of use of these air-sea gas exchange parameterizations is that the most commonly used
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parameterization by Wanninkhof (1992) has been cited 890 times.

Existing parameterizations, however, have uncertainties of 25 to 50%, leading to uncertainties that prop-
agate through all studies using these parameterizations. Depending on the parameterization used, global and
regional fluxes can differ by up to 100% (Fangohr and Woolf, 2007). Additionally existing parameterizations
are based on either short time-scales of hours to days or on long time-scales such as decades. The shortest
time scales are assessed by micrometeorological techniques (Wanninkhof and McGillis, 1999) which have
time scales of hours. Radon deficit calculations (Peng et al., 1979) and deliberate dual release experiments
(Watson et al., 1991) allow prediction of gas exchange paramterizations on time scales of several days to
two weeks. In line with the short time scales, these estimates are necessarily local in scope. At the other
extreme, gas exchange parameterizations estimated from natural or bomb radiocarbon budget have decadal
or longer time scales (Broecker and Peng, 1974; Wanninkhof, 1992; Sweeney et al., 2007). Such estimates
are by nature global in scope. Yet it is the intermediate time scale of weeks to seasonal that matches the time
scale of many biogeochemical processes in the ocean.

Moreover, most existing parameterizations do not explicitly treat bubbles. Air injection (the flux due to
bubbles) is a complicated problem of bubble dynamics (e.g. Memery and Merlivat, 1985; Woolf and Thorpe,
1991; Woolf, 1993; Keeling, 1993; Woolf et al., 2007). The air injection flux can be significant, especially for
less soluble gases such as Oz and He. Finally, the techniques that determine air-sea gas exchange parameters
from direct empirical data, such as purposeful release experiments, are logistically difficult and have only
been applied in limited areas of the ocean. The major goal of this thesis is therefore to determine an air-sea
gas exchange parameterization with uncertainties of only 10 to 20% that is based on direct, emprical data,
that explicitly includes bubbles, and that is based on weeks to seasonal time-scales.

Another reason for studying gases in the ocean is that gases can be used to constrain upper ocean bio-
geochemical cycles. Understanding the carbon cycle is key for climate research since CO is an important
greenhouse gas. As mentioned above, CO» enters the ocean through air-sea gas exchange. Marine organ-
isms then fix approximately 50 Pg of carbon per year (Field et al., 1998). Some of this organic matter
is remineralized in the surface of the ocean and thus has no net effect on CO» concentrations. Some of it,
however, is exported into deep water and separated from the atmosphere on time scales of hundreds of years.

The importance of biological production in the ocean has long been known. Standard techniques for
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measuring biological production include bottle experiments in which radiotracers are added to bottles of
seawater which are then incubated and analyzed. While such experiments are useful, they have limitations
due to so-called “bottle effects” produced by confining production to a single bottle, eliminating grazers,
trace metal contamination from the bottles, etc. Additionally, bottle experiments offer only a snap-shot
of production at one particular place and time. Sediment traps quantify export production and offer the
advantage of direct collection of sinking material. However, hydrodynamic biases and swimmers make
sediment trap data difficult to interpret (Gardner, 2000). Newly designed neutrally-buoyant sediment traps
(Buesseler et al., 2000; Valdes and Price, 2000; Stanley et al., 2004; Buesseler et al., 2007) avoid some
of these problems but nonetheless sediment traps, as well as bottle experiments, may miss episodic events
(such as production stimulated by eddies) which may constitute a large fraction of production (McGillicuddy
et al., 2007).

Geochemical tracers complement the traditional approaches to estimating production because they char-
acterize the integrated behavior of systems over broad spatial and temporal scales. A variety of geochemical
tracers have been used to quantify three types of production - net community production (e.g. Jenkins and
Goldman, 1985; Craig and Hayward, 1987; Spitzer and Jenkins, 1989; Gruber et al., 1998), export produc-
tion (e.g. Jenkins, 1980; Sarmiento et al., 1990), and new production (Jenkins, 1988b; Jenkins and Doney,
2003). Net community production is defined as primary production minus heterotrophic respiration. New
production is defined as the production stemming from input of new nutrients into the euphotic zone (Dug-
dale and Goering, 1967). Over sufficiently long temporal and spatial scales, the three types of production
should be equal (Eppley and Peterson, 1979). In this study, I use geochemical tracers to measure all three
types of production at the same location and at the same time for an in-depth analysis of the carbon cycle in
a subtropical oligotrophic gyre. By using all these methods concurrently, I examine the relationship between
the types of production and begin to address a number of apparent inconsistencies in the clemental budgets

of carbon, oxygen, and nitrogen.

1.2 Overview of Approach

The two central objectives of my thesis are:
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1. To provide a quantitatively more accurate parameterization of air-sea gas exchange rates that explicitly

includes bubble-mediated processes on biogeochemically relevant time scales

2. To use three tracer subsystems in order to concurrently quantify new, net community, and export

production in an oligotrophic subtropical gyre.

In order to achieve these objectives, I have collected a monthly time-series of five noble gases (He, Ne,
Ar, Kr, and Xe), helium isotopes and tritium at the Bermuda Atlantic Time-series Study (BATS) site. 1
then combine this data with a one dimensional, vertical, modified Price-Weller-Pinkel (PWP) model (Price
et al., 1986; Spitzer and Jenkins, 1989) in order to separate and quantify gas exchange parameters. By
combining the noble gas and tritium data with biogeochemically active constituents, such as NO;3 and O, 1
also constrain biological production.

Noble gases are ideal tracers because they are biologically and chemically inert and thus respond solely
to physical forcing. Additionally, there are five of them with a range of solubilities and molecular diffusiv-
ities (Figure 1-1). The diffusivities differ by a factor of five with helium being the most diffusive (Jihne
etal., 1987). The solubilities differ by a factor of ten, with xenon being the most soluble (Wood and Caputi,
1966; Weiss, 1971; Weiss and Kyser, 1978; Hamme and Emerson, 2004b). Additionally, the solubilities of
the heavier noble gases have a stronger dependence on temperature. This broad range in physicochemical
characteristics leads to differing response to physical forcing. Thus measurements of multiple noble gases
made concurrently allow us to diagnose and quantify physical processes.

Helium (He) and neon (Ne), the lightest gases, are useful because they are insoluble with relatively lit-
tle temperature dependence and therefore are sensitive to air injection processes. Krypton (Kr) and Xenon
(Xe), the heaviest gases, are useful because they have a strong temperature dependence to solubility and
thus respond to thermal forcing. Argon (Ar) is intermediate in behavior and has a solubility and diffusivity
very similar to that of molecular oxygen. Thus, it is especially important because it can serve as an abiotic
analogue to Oz. Oxygen signatures in the ocean are a result of physics and biology. Argon mimics the
physics and thus the difference between O, and Ar can be a tracer for biological productivity (Craig and
Hayward, 1987; Emerson, 1987; Spitzer and Jenkins, 1989). In practice, however, the story is more com-
plicated since Ar and O, have different gradients and distributions. In the aphotic zone, Oy is consumed

through remineralization, resulting in an O debt that is mixed upward. Argon in contrast, has a relatively
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Figure 1-1: (a) Molecular diffusivities of the noble gases and oxygen as a function of temperature, as
calculated from the diffusivity values of Jihne et al. (1987). Helium, the lightest noble gas, is more diffusive
by a factor of five than Xe, the heaviest noble gas. (b) Solubilities of the five noble gases and oxygen as
a function of temperature. The solubilities vary by an order of magnitude, with Xe being the most soluble
and having the strongest temperature dependence. Solubility values for He are from a modified version of
Weiss (1971), Ne and Ar solubilities are from Hamme and Emerson (2004b), Kr solubility is from Weiss
and Kyser (1978) and Xe solubility is from Wood and Caputi (1966).
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constant saturation anomaly with temperature. By using all the noble gases and a one dimensional model of
upper ocean dynamics, I model the physical processes affecting O and by difference can estimate biological
production.

In previous seawater studies, Ar has been used in conjunction with O5 to estimate biological production
(Craig and Hayward, 1987; Spitzer and Jenkins, 1989). Time-series of He, Ne and Ar measurements in
seawater have been used to investigate air-sea gas exchange (Spitzer and Jenkins, 1989) as have time-series
of Ne, Ar, and Ny (Hamme and Emerson, 2006). Helium measurements in seawater have been used to
investigate escape mechanisms for the exosphere (Bieri et al., 1967). Modeling studies suggest Ar can be
used for quantifying diapycnal mixing (Henning et al., 2006; Ito and Deutsch, 2006). The solubility of Kr
and Xe have a stronger thermal dependency than Ar and thus these heavier gases allow better constraints on
air-sea gas exchange parameters (Stanley et al., 2006) and may be useful tracers of water mass formation
processes (Hamme and Severinghaus, 2007).

As part of our time-series, I also measure *He and tritium. 3He in the ocean has two sources — primordial
*He from hydrothermal and volcanic activity and *He produced from in-situ tritium decay. In the upper
ocean at BATS, the main source of *He is tritium decay (Jenkins, 1980). Tritium is naturally produced in
small amounts from cosmogenic rays, but the natural inventory was dwarfed by input of tritium from the
thermonuclear bomb tests in the 1950s and 1960s. Tritium was injected into the stratosphere where it formed
HTO and then rained out into the ocean. Tritium decays to 3He with a half-life of 12.31 years (MacMahon,
2006) and the combination of tritium and *He measurements can be used as a “clock” for dating subsurface
water (Jenkins and Clarke, 1976). At the surface, the clock is zeroed as most of the 3He is fluxed out due
to gas exchange. As water is subducted and separated from the atmosphere, *He builds up from decay of
tritium. In practice, mixing complicates this simple scenario but models can be used to calculate ventilation
time scales from tritium and *He measurements (Jenkins, 1980; Doney and Jenkins, 1988).

By measuring a time-series of tritium, ®*He, and the noble gases, I am able to resolve the seasonal cycle
and build a detailed understanding of the dynamic system. The BATS site is an ideal place for this work for
several reasons. First, a time-series of many biogeochemical relevant parameters (but not the noble gases)
have been measured at BATS since 1988 (Michaels and Knap, 1996) and before that at Station S since 1954

(Schroeder and Stommel, 1969). Thus there is a wealth of historical data that can be used to constrain the




model and to interpret the results. Second, the infrastructure was in place for sample collection. This not
only meant that ship-time was accessible, but also key information such as O and nutrient measurements
are made as part of the BATS program and ancillary data from the BATS program (such as plankton tows,
sediment traps, bottle experiments, etc) may aid in interpretation of results. Third, there is a significant
seasonal cycle at BATS, with a summer to winter temperature difference of approximately 10 degrees.
Since the heavier noble gases respond most strongly to thermal forcing, a strong temperature cycle causes a
supersaturation of the gases in summer, and thus a flux out of the mixed layer which can be parameterized.
Fourth, BATS is located in an oligotrophic regime. Ninety percent by area of the oceans are oligotrophic
and half of the global carbon export occurs in oligotrophic regimes. Thus a study in such conditions is
relevant to much of the world’s oceans. Finally, noble gas data at the BATS site is amenable to being
modeled with a one-dimensional vertical model. The main factor controlling the distribution of the noble
gases is the temperature history of the water. At BATS, the contours of net heat flux parallel the circulation
(Worthington, 1976) and thus a one-dimensional model can reasonably be used for the noble gases .

I use a one-dimensional vertical Price-Weller-Pinkel (PWP) (Price et al., 1986) model that has been
modified to include He, Ne, and Ar (Spitzer and Jenkins, 1989) and I extend it to the heavier noble gases.
I force the model with six-hourly NCEP reanalysis heat flux (Kistler et al., 2001) and with QuikSCAT
winds. Modeling is necessary to separate and quantify the physical processes affecting the noble gases.
The advantage of a one-dimensional model is that it is simple and transparent. However, a one-dimensional
model clearly does not account for horizontal processes and large scale circulation. For reasons described
above, the model is sufficient for the noble gases. However, it is not appropriate for use with nutrients,
tritiugenic *He, and tritium because of large scale gyre circulation (Williams and Follows, 1998; Jenkins

and Doney, 2003).

1.3 Chapter by Chapter Plan

Noble gases are ideal tracers but the heavier noble gases have not often been measured in seawater, perhaps
because they are so difficult to measure. Recent improvements in mass spectrometers, particularly the
development of a stainless steel cryogenic trap (Lott, 2001) have made such measurements possible. In

Chapter 2 of this thesis, I describe a method I developed for measuring the five noble gases and their isotopes
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in seawater samples through mass spectrometry. Automated cryogenic traps are used to first sorb and then
to separate the noble gases. Two mass spectrometers are attached to a single processing line, allowing
measurements of both helium isotopes and noble gases on the same samples. The noble gases are measured
statically by peak height manometry using a quadrupole mass spectrometer, equipped with a pulse-counting
secondary electron multiplier. Helium isotopes are measured on a purposely built, branch-tube, statically
operated magnetic sector mass spectrometer. Separating the noble gases in a reproducible way can be
difficult due to matrix effects of one noble gas on another as well as affects from other gases in seawater
(such as methane) and thus great effort was made to reduce and assess matrix effects. Additionally, the mass
spectrometer and processing system are precisely standardized, and any effects of nonlinearity are assessed
and accounted for. By measuring the noble gases through comparison to precisely known aliquots of air, I
avoid using isotope dilution and thus can determine the isotopic ratios of the noble gases in the samples.

In Chapter 3, I perform a modeling sensitivity study in order to determine how well a time-series of five
noble gases at BATS could constrain air-sea gas exchange parameters. I extend the PWP model for Kr and
Xe and force the model with NCEP reanalysis winds and heat fluxes (Kistler et al., 2001). Ensemble runs
are used to optimize tunable physical parameters in order to emulate the temperature, salinity, and mixed
layer observations at BATS. I then perform sensitivity studies to characterize the response of the noble gas
saturation anomalies to air-sea gas exchange parameters. I use a linear inverse technique (singular value
decomposition) in order to determine the constraints offered by a hypothetical time-series of all five gases.
As a limited demonstration of the approach, I use a dataset of a time-series of three noble gases (He, Ne, and
Ar) collected between 1985 and 1988 in the Sargasso sea (Spitzer, 1989) in order to calculate preliminary
estimates of air-sea gas exchange parameters.

In Chapter 4, I present a 14 month time-series of five noble gases collected between July 2004 and
August 2005 at 22 depths in the upper 400 m of the ocean. I combine the noble gas data (measured according
to the method in Chapter 2) with inverse modeling (as in Chapter 3 but with QuikSCAT winds) in order to
develop an air-sea gas exchange parameterization that explicitly includes air injection processes, that has
uncertainties of +6% for diffusive gas exchange and +15% for air injection over the range of wind speeds
encountered in the time-series (0< w19 <13 ms™!), and that provides an estimate on a relevant and unique

time scale. I use a nonlinear constrained optimization inverse method and explore the sensitivity of the




parameters to uncertainties in the solubility functions of the noble gases, to uncertainties in the physical
parameters used in the model, to the structure of the cost function, and to uncertainties in the model’s
representations of the gases.

In Chapter 5, I combine the gas exchange parameterization developed in Chapter 4 with 3He, tritium, Oy,
and NO; measurements from the 14 month time-series in order to estimate new, net community, and export
production. First, I combine 3He measurements in the mixed layer with the gas exchange parameterization
to calculate the *He flux out of the mixed layer. By correlating *He in the thermocline with NO; , I can then
estimate the flux of NO; into the mixed layer and the new production flux as it is physically transported by
upwelling of thermocline waters. 1 next use tritium and 3He data from the upper ocean measurements as
well as from two profiles that extend to 4200 m depth in order to calculate the ventilation age of the water.
I combine apparent oxygen utilization with these ventilation ages to calculate apparent oxygen utilization
rates (AOUR). The vertically integrated AOUR is a measure of export production. Finally, I use the cuphotic
zone seasonal cycles of Oy and Ar with the model developed in Chapters 2 and 3, in order to estimate
net community production. This study is unique in that it measures all three types of production using
geochemical techniques at the same location and at the same time. By comparing the estimates of the three
types of production, I start to examine inconsistencies in the elemental cycling of C, O, and N.

In summary, this thesis uses the five noble gases as tracers to improve our understanding of air-sea gas
exchange processes and upper ocean biological production. The noble gases are used to develop an im-
proved parameterization of air-sea gas exchange that explicitly includes bubbles and that can be applied to
calculate the air-sea flux of any gas. The noble gases, tritiugenic 3He, and tritium are then used, in conjunc-
tion with this improved parameterization, to estimate three types of biological production in a subtropical
oligotrophic gyre and to explore the relationship between new, net community, and export production and

nutrient cycling.
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Chapter 2

A Method for Measuring Five Noble Gases
and Their Isotopic Ratios Using Stainless
Steel Cryogenic Trapping and a
Combination of Quadrupole and Magnetic

Sector Mass Spectrometers
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Abstract

A method is presented for precisely measuring all five noble gases and their isotopic ratios in water samples
using multiple cryogenic traps in conjunction with quadrupole mass spectrometry and magnetic sector mass
spectrometry. Multiple automated cryogenic traps, including a two-stage cryotrap used for removal of water
vapor, an activated charcoal cryotrap used for helium separation, and a stainless steel cryotrap used for neon,
argon, krypton and xenon separation, allow reproducible gas purification and separation. The precision
(expressed as 1 standard deviation) of this method, determined by repeated measurements on gas standards,
is £0.10% for He, +0.14% for Ne, +0.10% for Ar, +0.14% for Kr, and +0.17% for Xe. The precision
of this method for water samples, determined by measurement of duplicate pairs, is +1% for He, +0.9 %
for Ne, +0.3% for Ar, +£0.3% for Kr, and +0.2% for Xe. Isotopic ratios of the noble gases are measured
as well, with precisions of +0.19% for 2°Ne/?2Ne, 4+0.20% for 84K /86K r, +0.25% for 84Kr/82Kr, +0.09%
for 132Xe/12Xe and +0.13% for 132Xe/!136Xe. An attached magnetic sector mass spectrometer measures

*He/*He with precisions of +0.1% for air standards and +0.14% for water samples.
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2.1 Introduction

Noble gases are biologically and chemically inert and have a wide range of solubilities and diffusivities,
making them useful environmental tracers. Noble gases have also been used extensively in groundwater
studies to constrain paleotemperatures (Stute et al., 1992, 1995; Aeschbach-Hertig et al., 2000) and ground-
water infiltration and recharge (Beyerle et al., 1999; Manning and Solomon, 2003; Zhou et al., 2005). Mea-
surements of Ar and Kr isotopes in ice cores can lead to estimation of firn thickness and temperature (Craig
and Wiens, 1996: Severinghaus et al., 2001, 2003). Noble gases in mantle-derived rocks have been used to
infer properties of the early history of the earth (Honda et al., 1991; Hiyagon ct al., 1992; Farley and Neroda,
1998). Noble gas isotopes produced by cosmic rays yield surface exposure ages for terrestrial rocks (Lal,
1991: Bierman, 1994; Schafer et al., 1999).

In seawater studies, noble gas measurements have been used to investigate air-sea gas exchange (Spitzer
and Jenkins. 1989: Emerson et al., 1995; Hamme and Emerson, 2006), biological production (Jenkins and
Goldman, 1985; Craig and Hayward, 1987), diapycnal mixing (Henning et al., 2006; Ito and Deutsch, 2006),
and escape mechanisms for the exosphere (Bieri et al., 1967). Extending the measurements beyond the three
noble gases (He, Ne, and Ar) used in previous work allows one to constrain air-sea gas exchange parameters
to levels significantly better than can be obtained when only three of the noble gases are used (Stanley et al.,
2006). Given that Kr and Xe have a stronger thermal dependency than Ar, the supersaturation pattern of the
heavier noble gases may provide probes for ocean mixing and water mass formation processes (Hamme and
Severinghaus, 2007). Additionally, the isotopic ratios of the noble gases could be useful tracers.

Quadrupole mass spectrometry (QMS) and magnetic sector mass spectrometry have often been used to
measure the noble gases in water samples. Recently, instruments have been developed that measure all five
noble gases from a single sample (Poole et al., 1997; Beyerle et al., 2000; Kulongoski and Hilton, 2002; Sano
and Takahata, 2005). The analysis is usually conducted by isotope dilution or by peak height comparison
with an air standard. The noble gases are commonly chemically purified and then condensed onto a charcoal
trap at liquid No temperatures (77 K), on a charcoal trap at dry ice/acetone temperature (96K), or on a glass
trap at liquid He (4K). Methods that measure all five gases from a single sample have precisions of 0.3% to
1.0% using magnetic sector instrument (Beyerle et al., 2000) and 0.4% to 1.6% using a QMS system (Sano

and Takahata, 2005). Methods that only measure one of the noble gases may have better precisions. For
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example, an isotope dilution method for measuring only Ne routinely obtained precisions of 0.13% (Hamme
and Emerson, 2004a).

We have developed an automated sample processing and measurement system for the determination of
the complete set of noble gas concentrations and isotope ratios in water samples (90 cc) at the 0.1-0.2%
level. Active gases are removed from the sample and the remaining noble gases are captured cryogenically
and then selectively released for measurement to a quadrupole or a magnetic sector mass spectrometer. We
use a set of three cryogenic traps operated in tandem with a Pd catalyst and chemical getters and combined
with a volume partitioning system in order to achieve a high degree of purity and separation between the
individual noble gases, thereby reducing as much as possible the potential for interference between gas
species. The water vapor cryotrap (WVC) is a dual flow through cryotrap with independently controlled
temperatures allowing water vapor to be removed but the noble gases to pass unimpeded. The activated
charcoal cryotrap (ACC) captures He and then releases an aliquot into the QMS and the remainder into a
helium isotope magnetic sector mass spectromer (HIMS) for precise measurements of *He/*He ratios. A
“nude” stainless steel cryotrap (SSC) (Lott, 2001) captures Ne, Ar, Kr and Xe and then selectively releases
the gases into the QMS. The QMS operates in a static, ion-counting mode which requires a lower partial
pressure of gas within the QMS, less gain dependence on the electron multiplier, and a more linear response.
Standardization of the system is accomplished using precisely known aliquots of atmospheric noble gases
(determined by pressure, temperature, volume and relative humidity), and thus is dependent on knowledge
of the abundance of these gases in air. However, since studies involving dissolved gases generally presume

these values, uncertainties in these abundances cancel out in most calculations.

2.2 Methods

The sample processing and measurement system is shown in Fig. 2-1. Noble gases from a water sample
or gas standard are sequentially drawn through the two-stage WVC to remove water vapor, and through a
Pd catalyst and getters for chemical purification, and then onto two cryogenic traps. The AAC at < 10K
captures He and then at 40 K releases He into the HIMS. The SSC, also initially at < 10K, captures Ne, Ar,
Kr, and Xe and then selectively warms and releases the noble gases (Fig. 2-2) into the statically operated

QMS for measurement by peak height manometry. “Static” refers to the sample being let into the isolated
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QMS (i.e. no pumping during measurement) and then peak jumping is used to measure the count rates at
each of the pre-determined masses. The QMS is a Hiden quadrupole mass spectrometer (P/N PCI 1000
1.2HAL/3F 1301-9 PIC type 570309), equipped with a pulse counting secondary electron multiplier (SEM)
run at an emission of 20 to 40 pamps, an electron impact ion source and triple quadrupole ion optics. The
HIMS, an improved system based on the “Clarke design”, is a purposely constructed branch tube, statically
operated, dual collector magnetic sector helium isotope mass spectrometer, radius of 25.4 ¢cm, equipped with
a Faraday cup and a pulse counting SEM. The system, including the processing line, cryotraps, and mass
spectrometers, is operated under computer program control to achieve a high degree of reproducibility and
for continuous operation.

In order to avoid possible systematic biases caused by the interaction between gas species via ion col-
lisions and preferential ionization, we use cryogenic techniques to separate the noble gases before they are
inlet into the mass spectrometers. Thus cach of the noble gases is measured sequentially from the same air
standard or water sample. The cryogenic systems used here lead to three cryogenic processes: cryoconden-
sation, cryosorption and cryotrapping. Cryocondensation refers to the condensation of gas on a truly inert
surface and results in the partial pressure of the gas above the surface being a function only of its vapor
pressure at the trap temperature. However, no surface is truly inert, and thus the nature of the surface of
the trap influences the amount of gas released. An active surface, such as on the ACC, results in stronger
cryosorption and thus releases the gases at higher temperatures than a stainless steel surface such as on the
SSC. For example, Ne is released at 25K on the SSC and at 80K on the AAC.,

Cryotrapping refers to one gas being trapped underneath another. Since Ar is three to five orders of
magnitude more abundant than the other noble gases, Ar cryotraps the other gases and thus the SSC has to
go through many temperature cycles to reproducibly and quantitatively separate and release all the noble
gases. In this section, we first outline the process necessary for measuring all five noble gases in a single air

standard. Then we discuss some additional particulars that are necessary for processing a water sample.

2.2.1 Method for a gas standard

The processing line is pumped by a diffusion pump, a turbo molecular pump, and three ion pumps (in

different parts of the line — see Fig 2-1) to below 5x 10~® torr before starting an analysis. An aliquot of an air




Figure 2-1: Schematic of the processing line and mass spectrometers (HIMS and QMS) that comprise the
analytical system. Red and green squares denote pneumatically actuated copper stem tip (vacuum-type)
stainless steel UHV bellows valves (Nupro P/N 22-*BG-TW-CU-3C and SS-4BG-USI-VD-3C), with red
squares representing the valves that are closed at the beginning of an analysis and green squares representing
the valves that are open at the beginning of an analysis. Valve numbers are included for valves referenced
in the text. White squares represent pneumatically operated crackers. Ovals represent aliquot volumes. All
aliquots as well as the standard reservoir volumes and the 2 L expansion volume are in an aluminum box
in order to keep them at an approximately constant temperature. Purple squares denote pressure gauges
with “IG” representing ionization gauges (Granville-Phillips 330), “CV” representing convectron gauges
(Granville-Phillips 316), and “MKS” representing a capacitance manometer (MKS baratron PR4000 con-
troller with 10 torr type 626A absolute pressure transducer). “IN; trap” refers to a trap chilled with liquid
nitrogen to condense water vapor when initially pumping down the sample bulbs after attaching them to the
automanifold — the sample bulbs are still sealed at that point. “Dual WVC” refers to a two-stage cryotrap
(inlet and outlet sides) initially held at 160K to trap water in the sample. “AAC” and “SSC” refer to the ac-
tivated charcoal and the stainless steel cryotraps respectively. For more detail on the processing line, please
refer to the text.
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Figure 2-2: Temperature of the stainless steel cryotrap (SSC) as a function of time after analysis has com-
menced. The SSC undergoes a number of temperature cycles in order to reproducibly separate and release
the noble gases. Gray arrows indicate where gases are released. Black arrows indicate where gases are
pumped. Numbers indicate temperatures at various points in the temperature cycles.
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standard or a sample first passes through the WVC, a two-sided cryotrap held at 160 K, in order to remove
water vapor. Then it flows through a Pd catalyst (BASF catalyst R02-20/37) where the CHy in the standard
is oxidized to CO, and H2O. The pressure is recorded on a capacitance manometer (MKS baratron PR4000
controller with 10 torr type 626A absolute pressure transducer) in order to get a parametric determination
of the total gas pressure. The gas then flows through a zirconium-vanadium-iron getter, composed of pellets
of STS707 (available from SAES getters) in order to remove active gases. The first half of the getter is
heated to 350°C to chemically remove O2, No, and CO, and to crack CH,, while the second half of the
getter remains at room temperature (20°C) to sorb H. The noble gases a.re inert to the getter pellets and
flow through unimpeded.

The sample is next drawn for 12 minutes onto the SSC, held at less than 9.5 K. Neon, Ar, Kr and Xe are
trapped on the stainless steel surface. Helium does not sorb quantitatively to the stainless steel surface at
this temperature, so the sample is next exposed for 8 minutes to the ACC (Lott. and Jenkins, 1984) operated
at 8.5K in order to trap He. Meanwhile, the SSC is isolated and warmed to 40 K for 3 minutes and then
cooled to 9.5 K in order to liberate the 2-4% of the He that was cryotrapped by Ar or the other gases. The
ACC subsequently pumps on the SCC for 30 seconds in order to cryosorb this He onto the ACC.

The sample is next drawn for 12 minutes for a second time onto the SSC, while the inlet side of the
WVC is warmed to 285 K and the outlet side of the WVC is held at 160 K. The ice is thus melted and the
water is distilled onto the outlet WVC, releasing any gases that had been trapped in the ice for subsequent
purification and cryotrapping while blocking water vapor.

The SSC is warmed to 60 K and then is cooled back to 25 K in order to outgas and release Ne that
had been cryotrapped by Ar. The SSC is then opened and Ne is released from the trap. The amount of Ne
released is volumetrically split by a factor of roughly 200 in a reproducible fashion by trapping an aliquot of
the released gas between valves 40 and 41 in order to obtain a sample size that gives a counting rate of about
140,000 cps, an optimal counting rate for the SEM, which is operated in the ion counting mode. Too high
a counting rate leads to dead-time issues, a nonlinear response, and a short lifetime for the SEM. Too low a
counting rate leads to poor Poisson ion-counting statistics. Because volume partitioning is used to split the
Ne, some fraction of Ne remains on the SSC. This is removed by ion pumping for 2 minutes at 20 K, which

is 5 K less than the release temperature in order to avoid any Ar from being pumped.
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The SSC is then warmed to 80 K in order to uniformly distribute Ar on its surface. Meanwhile, the ACC
is warmed to 40 K and then is opened to release He. An aliquot of He, equal to approximately 1% of the
sample is trapped between valves 38 and 39, is inlet into the QMS, and measured with a counting rate of
about 100,000 cps on the SEM. Next, the 99% of the remaining He is volume partitioned into the HIMS
where the *He/*He ratio is measured.

The ACC is then warmed to 80 K. An aliquot of gas is released from ACC and analyzed for Ne, in order
to quantify any Ne that did not sorb to the SCC but rather made it through to the ACC. The amount of Ne
measured from the ACC is approximately 5% of the amount measured from the SSC for gas standards and
approximately 0.5% of the amount measured from the SSC for water samples, suggesting the SSC exhibits
a variable Ne trapping efficiency which is dependent on major gas composition, including possibly water
vapor. The ACC is cleaned by ion pumping at 80 K for 10 minutes.

Meanwhile, the SSC remains isolated and held at 80 K for two minutes, before it is slowly cooled to
25 K to recondense Ar on the cryotrap. The cooling is slower than usual in order to layer the Kr on the
SSC first and then the Ar and thus to minimize commingling of Ar and Kr. The SSC is warmed to 60 K
and opened to release Ar. Because Ar is very abundant in air samples, the Ar sample must be reproducibly
split down by roughly a factor of approximately 3x10 6 in order to avoid overwhelming the QMS. Thus Ar
is expanded for four minutes into a 2 liter stainless steel expansion volume, through valves 10, 9, 40, 42,
43 and 24. We performed experiments to determine that four minutes were required for the Ar atoms to
have time to distribute evenly throughout the expansion volume. When the expansion time was shorter, the
Ar signal increased, suggesting that the Ar had not reached equilibrium in the expansion volume, and thus
fewer Ar atoms were pumped away, leaving more Ar to be analyzed.

Approximately 0.03% of the Ar is trapped in the aliquot between valves 42 and 43 and the remaining Ar
is pumped away using a turbo molecular pump. The Ar in the aliquot is then expanded for a second time,
this time into the volume bounded by valves 40, 43, and 9. Again, the Ar in the aliquot between valves
42 and 43 is saved and the rest is pumped away. Once more, the Ar is expanded into the volume bounded
by valves 41, 9 and 43. This time the portion of the Ar in the aliquot between valves 40 and 41 is saved
and inlet into the QMS. Although this splitting procedure may seem cumbersome, it enables the consistent

splitting of Ar by a factor of approximately 3x10 6 with a reproducibility of 0.1%.
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In order to remove any Ar remaining on the SSC, the SCC is then ion pumped at 62 K for two minutes.
This pumping temperature is higher than the release temperature in order to remove enough Ar so as to
minimize interference with the Kr measurements. Then, in order to remove any Ar that still remains on the
SSC, perhaps cryotrapped under Kr or Xe, a temperature/pumping cycle is performed. The SSC is isolated
and warmed to 150 K, cooled back to 62 K, and then ion pumped for 3 minutes. This heating and pumping
cycles results in an acceptably low amount of Ar in our Kr and Xe samples — the Ar introduced into the
QMS when the Kr is inlet produces an ion current that is about 20% of the Kr signal. It is possible to further
reduce the amount of Ar in the Kr inlet by pumping for longer or at higher temperatures. However, this
results in significantly greater Kr loss, resulting in deterioration of our Kr results.

The SSC is isolated, warmed to 103 K and opened to release Kr. The Kr is split by a factor of approxi-
mately 130 by trapping an aliquot of sample between valves 40 and 41 and then is inlet into the QMS and
measured on the SEM at an ion current of approximately 150,000 cps. The SSC is cooled to 93 K and then
turbo pumped for 2 minutes to remove remaining Kr. The SSC next undergoes a heating/pumping cycle to
remove any Kr cryotrapped by Xe. The SSC is warmed to 150 K, cooled back to 93 K, and pumped on for
1 minute.

The SSC is next warmed to 155 K and opened to release Xe. The Xe is split by a factor of approximately
6 by expansion of the sample through valves 9, 40, 42, and 43 and then trapping of a subsection in the section
between valves 9, 41, and 42. This subsection is inlet into the QMS and measured on the SEM with an ion
count rate of approximately 150,000 cps. The SSC is turbo pumped for 1.5 minutes to remove any remaining
Xe. The SSC is then ion pumped while being warmed to 290 and pumped and held at 290 for five minutes.
Next the ACC and the SSC are cooled to 10 K in order to prepare for the next sample.

The total analysis time for one sample is approximately three hours and 20 minutes and the procedure
is completely automated. Line blanks are run every few days in order to check for leaks and to assess the
cleanliness of the system. Line blanks typically are smaller than 0.004% for He, Kr, and Xe, smaller than

0.01% for Ne, and smaller than 0.07% for Ar.



2.2.2 Additional Steps for a Water Sample

Water samples consist of 90 g of water taken at sea by gravity feeding water from Niskin bottles on a CTD
rosette via Tygon tubing into valved stainless steel cylinders. In the on-shore laboratory at the Bermuda
Biological Station, we extracted the gases from the cylinders into aluminosilicate glass bulbs (approximate
volume of bulb is 25 cc) using the “at-sca extraction system” (Lott and Jenkins, 1998). The glass sample
bulb contains >99.95% of the original sample as well as 3 to 5 cc of distilled water transferred during the
extraction.

Because He, and to a less extent Ne, permeates through the viton o-rings in the cylinder plug valves,
samples were extracted as soon as possible, usually within 24 hours of sample collection. This time period
was comparable to the typical delays encountered in practice during the WOCE/CLIVAR sampling. Experi-
ments performed with degassed water samples documented the rate at which samples are compromised. He
and Ne were equilibrated at rates of 0.46% and 0.09% of their disqulibrium per day. Thus for a sample with
a 10% disequilibrium in either He or Ne concentration or He isotope ratio, a 24 hour delay in extraction
from the time of sampling would lead to a signal reduction of 0.046%, 0.009%, and 0.046% respectively.

Sets of eight of these glass bulb samples are attached to the automanifold using viton o-ring compression
fittings. The manifold is then pumped for at least 2 hours, a processing blank is run to assess for any leaks,
and then the samples are individually processed, with one gas standard being run after every two water
samples. To process a sample, first all of the sample sections except the sample of interest are closed off,
and the manifold is isolated from the vacuum pumps and the rest of the processing line. Custom-fabricated
automated “crackers”, based on a heavily modified Nupro valve (P/N SS-6-6BK-TW-10), snap the tip of the
glass scal-off on the bulb. Experimentation revealed that an optimum pneumatic pressure of 40 psi achieves
reliable “cracking open” of the sample. On cracking of the bulb tip, the gas from the headspace of the
sample bulb is partitioned into the volume of the manifold.

After 30 seconds, the manifold is opened and the gas expands into the dual WVC. Here, water is drawn
out of the sample, quantitatively sweeping all the gas from the headspace out of the bulb into the WVC
section of the processing line. After 1.5 minutes, the valve to the bulb is closed to avoid excessive water
vapor transfer. Beyond this point, the sample gases are processed in an identical fashion to the standard

gases.



Table 2.1: Theoretical and experimentally determined amount of gas typically left behind in a sample bulb
after the gas in the headspace is swept into the processing line for analysis. The ratios are different for each
position on the manifold. One example set of ratios is listed here. The ratio of theoretical to measured
left-behind is used to correct all samples for the total gas in the bulb. Uncertainties in this ratio thus lead to
uncertainties in determinations of gas concentrations in samples. *

He Ne Ar Kr Xe

Theoretical left-behind (%) 0.16 0.19 063 1.1 2.1
Ratio of theoretical to measured left-behind 0.87 098 0.79 0.62 0.85
Estimated uncertainty in ratio 0.07 0.1 0.05 0.03 0.03
Uncertainty in final correction for samples (%) 0.01 0.01 0.03 0.01 0.06

Some fraction of the gases are dissolved in water and thus not all the gas is drawn out of the bulb. This
amount of gas left behind can be calculated theoretically from the volume and temperature of the water,
the volume of the bulb, and the solubility of the gas. Additionally, it was determined experimentally on
some samples by repeated drawing of gas from the same sample. More gas was consistently drawn from
the samples than the theoretical calculation predicted, suggesting that some of the gas was fluxed out of the
water during the draw (Table 2.1). The ratio of the measured sample left behind in the bulb to theoretical
sample left behind in the bulb is consistent for each position on the manifold and is used to correct all
measurements for the amount of gas left in the bulb. Manifold positions that are closer to the WVC have
less gas left-behind because then the WVC is more effective at drawing out the gas. Samples that are on the
lower manifold also have less gas left-behind because they are slightly warmed from below by the diffusion
pump and gases are less soluble at warmer temperatures. We thus measure the ratio for each position on the
manifold and correct each sample accordingly. This ratio is more difficult to calculate for He and Ne since
He and Ne diffuse into the bulb during the time period between samples. We used repeated measurements
in order to assess the amount of He and Ne that grows in but still our estimates for He and Ne left behinds
have larger errors. However, since these gases are the least soluble, only a small percentage is left-behind
and thus even with these larger uncertainties, the error added by the total correction is small.

To assess whether any gas was left behind in the manifold or WVC, experiments were done in which the
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manifold and WVC were isolated after a sample was drawn and processed. The WVC was warmed to 285
in order to melt the ice and release all gases and then cooled to 160 K. The gas in the WVC and manifold
was measured, using the the usual procedure, to be less than 0.005% of that contained in a sample. Thus the

dual stage WVC sucessfully prevented gas from being trapped in the ice.

2.2.3 Details of QMS Analysis

Scanning and data collection on the QMS commences immediately prior to isolation and sample inlet. After
the QMS is isolated from its ion pump, the gas samples are expanded into the QMS for a specified inlet time
(Table 2.2), while the QMS continues measuring the ion current at the selected isotopes. After the specified
inlet time finishes, valve 1 is closed and the QMS continues to measure the ion count of the isotopes for a
total number of scans (Table 2.2), such that the overall analysis time is approximately 5 minutes. The QMS
also measures the ion count of other gases that have the potential to be large enough to influence the results,
such as Hy, CH,, CO, H50, and the other noble gases (Tables 2.3 and 2.4). Monitoring is done to ensure
that these gases do not reach undesirable levels.

Measurement of all isotopes is made at specific mass points rather than by scanning individual peaks.
Data reduction involves fitting the requisite scans as functions of time (discussed in section 2.2.6). The
emission current was set for each gas in order to achieve a reasonable ion count rate (see Table 2.2). The
ion count rate should be large enough to give good counting statistics but small enough so as to avoid
degradation of the performance of the SEM. The voltage of the SEM was set to be at 2600, which is slightly

above the “‘knee” in the curve of voltage vs. count rate.

2.2.4 Details of Magnetic Sector Analysis

The helium isotope sample is expanded into the HIMS for 30 seconds. After 30 seconds of settling time,
the magnet current is adjusted so as to center the 3He peak at an ion energy of 2844.6 V: for four times
the 3He counts are measured on the pulse-counting SEM at 2846.6 and at 2842.6 accelerating voltage and
then the magnet current is adjusted so that the ion counts at those voltages are roughly equal. Since the
Faraday cup has been placed so that the 4He peak center aligns with the *He peak center, by centering on

3He, one also is in the center of the “He peak. Furthermore, the 1He peak is much broader than the “He
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Table 2.2: Parameters used by the QMS to measure the five noble gases in a water sample or gas standard.

He Ne Ar Kr Xe

Isotopes Measured  “He  ?Ne, 2Ne  %0Ar, 36Ar 84K, 86Ky, 82Ky 132Xe, 129Xe 136X,

CryoTrap Used  ACC SSC&ACC SSC SSC SSC
Release Temp (K) 40 25 60 103 155
Splitting Factor 100 200 3x10° 130 6
# Scans by QMS 200 90 110 90 130
Emission(zAmp) 20 20 40 40 20

Inlet Time (s) 60 60 60 60 90

peak so that misalignment is far less of a problem than for the *He peak. Next 10 cycles are conducted in
which typically the peak is measured 11 times with 20 second integrations each time, bracketed by a 20
second baseline measurement at an accelerating voltage of 2854.6 V to determine the scattering background
signal. A typical standard has a *He ion current of ~1500 cps, and a typical background of 18 cps. With
the aforementioned counting times, a sample would typically accumulate 3.3x10° counts on the “He peak
and 2000 counts on the baseline. Thus the Poisson counting limitations to the precision of the isotope ratio
measurement would be 0.06%. The count rate at HD and the baseline are measured once again and then the
gas is pumped away through valve 0 by an ion pump. Overall the analysis takes about 45 minutes and is

performed while the processing line and QMS are measuring the other noble gases in the sample.

2.2.5 Computer Control

All processes are automated in order to achieve reproducible, “around-the-clock” measurements. The gate-
way to the physical system is a visual basic program, the “Server”, run on the Dell Windows XP computer,
which is directly integrated into the instrumentation. The server controls all the pneumatic valves, sends
commands to the HIDEN QMS, controls the HIMS, and measures the pressures and temperatures of all the

components of the processing line. The Server also manages a common pool of boolean flags that are used
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Table 2.3: Isotopes and other masses measured on the QMS during the analysis of He, Ne, and Ar: typical count rates for a standard, dwell
times, and Poisson ion counting statistics. Negative count rates are clearly unphysical and are a result of extrapolation to end of inlet for small
count rates for some of the masses in the blanks.

Helium

Masses 349 2 5 16 18 19 20 28 32 40 44

dwell time (s) 1000 100 100 100 100 100 100 100 100 100 100

std cps 97,000 100,000 0.56 69,000 370 11,000 200 2200 2.6 66 800

Poisson (%) 0.02

blank cps 3 110,000 0.1 74,000 390 10,000 15 2100 3 49 580

Neon

Masses 20 22 2 4 3.9 14 16 18 19 28 32 40 44
dwell time (s) 500 1000 50 100 100 50 50 50 50 50 50 100 100 =
std cps 140,000 13,000 61,000 56 0.016 570 8900 390 11,000 1400 2.7 79 690
Poisson (%) 0.05 0.11

blank cps 13 3 63,000 -0.4 -17 490 7900 410 11,000 1300 8 16 564
Argon

masses 40 36 2 5 16 19 20 22 28 32 44

dwell time (s) 100 800 100 600 100 100 100 100 100 100 100

std cps 110,000 400 240,000  0.73 25,000 19,000 13,000 21 3800 7.5 2300

Poisson (%) 0.04 0.69

blank cps 93 3 250,000 0.4 24,000 19,000 25 19 3500 8 2100
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to coordinate various client programs. When the system is in normal analysis mode, a client program know
as “Menu” is used to schedule and initiate sample or standard analyses. The Menu program uses a series of
code numbers to signify various characteristics of each procedure, and on schedule launches another client
program, called “Procline” that executes the analysis. Procline operates by sending commands to the Server
to operate valves, warm and cool the cryotraps, start analysis on the mass spectrometers, ctc. in a repro-
ducible fashion as well as to record system conditions (pressure, temperature, etc) to disk file during the
analysis. Analysis of the noble gases on the QMS is also accomplished by Procline, which downloads scan
control information and various commands to an embedded computer on the QMS (MSIU) and uploads
acquired measurement data. Helium isotope measurements on the HIMS are made by another client pro-
gram called HeAnal that is launched at the appropriate time by Procline. Data from the HIMS is collected
using counter-timer cards on the core computer: the 4He is measured by a Faraday cup clectrometer that is
digitized using a 10 KHz voltage-to-frequency converter, and the $He ions are counted using a channeltron
electron multiplier and a preamplifier/discriminator unit.

In addition there are other programs that are used as “utilities” from time to time. For example, a virtual
“Chart Recorder” can display and save readouts of the temperature or pressures of the various gauges. Also,
a general purpose scripting program called “Tweak™ can be used to execute a range of uscful procedures
on the system. Under normal conditions, 16 samples can be loaded onto the two manifolds, the Menu set
up, and then the system can operate completely independently for approximately 5 days (or longer if just
gas standards are being analyzed). Monitoring of all components and changes to the programs can be done
remotely (i.e. from the Internet). Data is stored by these programs in a hierarchical directory structure using

data-encoded file names.

2.2.6 Standardization

After the analysis of the sample is complete, a MATLAB routine is used to linearly extrapolate the mass
peak ion count rate from all the scans back to the end of the inlet in order to calculate a single representative
ion count rate associated with the amount of a given isotope in a sample or standard. The ion count rate
of a sample is quantitatively compared to the ion count rate in a standard (std) in order to calculate the

concentration of gas in a sample:
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sample ion count rate — blank ion count rate

cc of gas in sample = cc of gas in std x - -
g P g std ion count rate — blank ion count rate

where “blank ion count rate” refers to the ion count rate measured when running a wet-blank — running the
same procedure but without introducing sample. We are explicitly assuming a linear relationship between
ion count rate and the pressure of the gas and hence the sample size. Deviations from this relationship are
determined empirically and corrected for (see section 2.3.1).

For a standard, we use aliquots of a sample of marine air that was collected in a 15 liter metal can
on the beach outside of Woods Hole Oceanographic Institution. The metal can was first evacuated in the
lab to a pressure of 1x10~7 torr. The can was then brought to the beach, equilibrated with atmospheric
conditions for 1 hour, and filled with air, with the temperature, relative humidity, and barometric pressure
being recorded. Each time a standard is run, the remaining amount of gas in the standard tank is depleted by
5x1075 or 5x10~°, depending on the size of the aliquot of standard removed. This depletion factor is taken
into account when calculating results. There are two aliquot volumes connected to this running sample, one
being 10% the size of the other, in order to calculate linearity effects associated with larger or smaller gas
sizes. The amount of gas in each aliquot is listed in Table 2.5.

The running standard is calibrated against a reference air standard — an air standard collected in the same
way but only run occasionally in order to assess if leaks or other problems have developed with the running
standard. The air standards and reference air standards typically agree within 0.2% and multiple reference
air standards are calibrated against a running standard to decrease the error further.

The amounts of Ar, Kr and Xe in a water sample differ from those in an air standard by roughly a factor
of 2, 4, and 7 respectively. Thus, we created a “makeup” standard — a standard consisting of purchased,
purified Ar, Kr, and Xe in an amount such that one aliquot of makeup standard plus one aliquot of the air
standard would result in Ar, Kr, and Xe concentrations similar to that of a water sample. Thus by running one
aliquot of the makeup standard and one aliquot of regular air standard, we have similar gas concentrations
and ratios in our standard as in our warm (shallow) water samples. By running two aliquots of the makeup
standard and one aliquot of regular air standard, we have similar gas concentrations and ratios as in our cold
(deep) water samples.

We made the makeup standard by expanding aliquots of pure Xe, Kr, and then Ar (in that order) at a
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Table 2.5: Amount of gas (in cc STP) in one aliquot of each type of gas standard. Small and large refer to
two different size aliquots attached to the same air standard. Makeup refers to a standard comprised of only
Ar, Kr, and Xe used to make the gas ratios in a total gas standard equivalent to that in a water sample.

Isotope Large Small Makeup
4 3.60x107%  3.80x1077 0
20 1.14Ex107°>  1.20x107° 0
22 1.12x107%  1.19x10~7 0
40 6.42x10~3  6.77x10~%  1.15x1072
36 2.18x107°  2.30x107%  3.90x10~°
84 4.46x10~7  4.71x107%  1.83x107°
86 1.33x10°7  1.40x10~%  5.47x1077
82 9.08x10~%  9.58x107%  3.73x10~7
132 161x10~% 1.70x10~% 1.27x10~7
129 1.58x107%  1.66x107%  1.25x10°7
136 532x10~% 561x10~1% 4.21x107°

46



known pressure and temperature into a 15 L standard tank that had previously been evacuated. The pressure
was measured with a capacitance manometer to within 0.1 torr (MKS baratron controller, model 270B-4 with
model 390HA 100 torr absolute pressure transducer). The Ar was ultra-high purity Ar from CorpBrothers.
The Kr and Xe were research grade gases, 99.999% purity, from SpectraGas. We then calibrated the makeup
standard for Ar, Kr, and Xe to better than 0.1% by running one aliquot of makeup standard and analytically
comparing it to runs of two, four, or seven aliquots of the air standard. We ran multiple aliquots of air
standards so as to match the size between the makeup and air standards as closely as possible to mitigate
linearity effects. In addition, since the amount of Ar and Xe in the sample affects the amount of Kr released
from the trap (see section 2.4.2), we used extra aliquots of pure Ar and Xe when calibrating for Kr to
minimize this matrix effect. The amount of gas in one aliquot of the “makeup” standard is listed in Table

29,

2.3 Analytical Performance and Reproducibility

2.3.1 Performance of the QMS and Processing Line

By using both a charcoal and a stainless steel cryotrap, this method successfully separates the noble gases,
such that for a measurement at a given release temperature, a sample is predominantly comprised of a single
noble gas. The release curves for the gases from the stainless steel trap are depicted in Fig. 2-3. Good
separation is obtained for Ne and Ar. For Ar, Kr, and Xe, however, the release curves overlap, making
separation more difficult. Hence Ar and Kr have to be released below the temperature at which 100% of the
gas is released. In essence, the trade-off is between less quantitative release (and hence potentially greater
temperature dependence and variability) vs. systematic effects associated with commingling gases. Krypton
is released at 103 K, but then the excess Kr in the trap is pumped away at a lower temperature (93 K) in
order to prevent Xe from being dragged away with the Kr. We saw a 5% increase in the amount of Xe when
the pumping temperature for Kr was dropped from 103 K to 93 K.

Figure 2-4 depicts the inlet curves at each of the five release temperatures for the noble gases and their
isotopes in an air standard. The inlet curves are flat after the initial inlet, signifying there is little, if any,

time dependence to the measurements. The isotope 6 Ar is also measured but not plotted because the signal
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Figure 2-3: Release curves of Ne, Ar, Kr and Xe from the stainless steel cryotrap as determined by analyzing
repeated air standards at different release temperatures. At 9 K, virtually none of the gases are released and
thus all the gases are drawn onto the trap. Then as the trap temperature is slowly warmed, the gases are
released one-by-one. The release curves of Ne and Ar have good separation. In contrast, the release curves
of Ar, Kr, and Xe overlap slightly making these gases harder to separate.
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is small compared to that of “’Ar. In the He, Ne, and Ar inlets, only He, Ne, and Ar were detectable. In
the Kr inlet, an amount of Ar equal to 20% of the Kr signal was detectable (Tab 2.4). In the Xe inlet, small
amounts of Ar and Kr were detectable (0.3% and 10% of the Xe signal respectively). Such small amounts
of other noble gases should not interfere with the measurements of the primary noble gas. When measuring
*'Ne and #’Ne, one needs to also consider any contribution from doubly-charged “Ar or *'CO,, as such
species will have the same mass as *’Ne and ?Ne. Assuming 10% of the “CAr and 1% of the *'CO, is
doubly charged, then Ar and CO> could be contributing to 0.004% and 0.1% of the 2’Ne and 22Ne signals
respectively (Tab 2.3). Such a contribution is corrected for, as Ar and CO, are measured every time.

The isotopic ratios of Ne, Ar, Kr and Xe as measured by the QMS and in the atmosphere are listed in
Table 2.6. The ratio of 22Ne/?’Ne measured by the QMS is smaller than the ratio in air, suggesting that this
method (either the QMS or the processing) may be discriminating against the heavier isotope. Similarly,
the ratio of *Kr/*Kr and '*6Xe/!32Xe suggest discrimination against the heavier isotope. However, the
ratios of *'Kr/*?Kr and '%*Xe/!?"Xe are larger than the ratio in air, suggesting discrimination against the
lighter isotope. Perhaps the discrimination is always against the less abundant isotope, instead of based
on mass. The ion optics of a 3 stage quadrupole mass filter are extremely complicated and thus the mass
discrimination function for the QMS as a whole can be very convoluted. There are a number of factors,
including sample processing and release from the cryotraps that can contribute to “non-canonical” isotope
ratios. Thus we rely on calibration and stability of the system — as long as the discrimination occurs equally
in both standards and samples, then such a bias should not prevent the measurement of accurate isotopic
ratios.

The peak shapes of the noble gases show clear separation of the isotopes (Fig 2-5). Seven isotopes of
Xe and five isotopes of Kr can be distinguished in the appropriate mass range. The peaks are sloped, being
steeper on the high mass side than the low mass side. This shape is typical of quadrupole mass filters and
reflects imbalances between the low mass and high mass filters. The Hiden QMS used here has a prefilter
and a postfilter on either side of the main mass filter, whose function it is to steer all the ions into an aligned
beam for the main mass filter. To improve the peak shape, one needs to either increase the amount of time
the ion beam is in the mass filter (by decreasing the speed at which the ions travel) or to increase the RF

frequency so that the ions see more RF cycles. The latter can only be done by Hiden personnel at the
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Figure 2-4: Ton count rate of the mass peaks during the inlets of the noble gases. The He inlet occurred at
release temperature of 40 K from the ACC. The other gases were released from the SSC at temperatures of
25 K, 60 K, 103 K, and 155 K for Ne, Ar, Kr and Xe respectively. Isotopes of each noble gas that were
measured are shown except for *®Ar which is too small to be visible on the same plot as 10Ar. In the Kr
and Xe inlets, other noble gases were detectable and thus are plotted as well. Inlet curves of the gases are
labeled according to the mass of the gases, with mass 44 referring to CO,.
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Hiden facility so we did not pursue that route. The former can be done by lowering the cage voltage. We
investigated the response of the peak shape to the cage voltage and indeed saw an improved peak shape with
lower voltages (Fig 2-6). However lower voltages also led to decreased sensitivity. The optimal cage voltage
was deemed to be 2 V.

Because the peaks are not “flat topped” there are two potential sources of error that can be introduced into
the analyses. First, because the measurement scans are done by setting the mass filter to one specific value
for each isotope, then a change in the “registration” of this setting can lead to a shift in the apparent response
of the instrument. Second, if the shape of the peak is dependent on the pressure of gas within the machine
(due to scattering of ions off neutrals) then the apparent response will also be affected. We evaluate these
effects by frequent standardization (using the assumption that the mass registration will change gradually
with time), and by performing “linearity” curves with multiple standard aliquots.

Because the size of the standard is not exactly the same size as that of the sample, we assessed the
linearity of the response of the QMS and of the sample/standard processing to the size of the samples.
We analyzed standards with sizes varying from 90% to 200% of the typical standard size by composing a
standard with varying combinations of small and large aliquots and varying amount of makeup standard.
The response of the QMS to standard size is linear, with r? values of at least 0.999. The linear response
of the QMS throughout this range confirms that our samples and standards are in the linear dynamic range
of the instrument. We used a least squares regression to fit the relative count rate between different size
standards to the relative amount of gas in the standard, fixing the intercept to be 1. The slopes of Ne, Ar,
Kr, and Xe are between 0.99 and 1.00, suggesting a straight-forward relationship between count rate and
amount of gas in the sample. The slope of Kr has the greatest deviation from 1. The Kr measurements are
affected by the amount of Ar and Xe in the sample. We thus need to take into account the effect of greater
Ar and greater Xe when calculating the linearity. A full treatment of the Kr linearity and Ar and Xe matrix
effect on Kr is described in section 2.4.2.

We examined the drift of the instrument due to factors such as changing room temperature, change
in the SEM, change in filament, changing reactivity of the surface of the traps, etc. by making repeated
measurements of the air standard over the course of several days (Fig 2-7). This long run had standard

deviations of the measurements equal to .09% for He, 0.15% for Ne, 0.23% for Ar, 0.31% for Kr and 0.42%
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Figure 2-5: The peak shapes for the isotopes measured on the QMS of each of the noble gases are plotted
in arbitrary units. Five isotopes of Kr can clearly be seen as can seven isotopes of Xe. The peak shapes are
more steeply sloped on the high mass side due to differences in the low and high mass filters.
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Figure 2-6: The peak shapes for the major isotope of each of the noble gases at different cage voltages
ranging from 1.5 V (blue) to 3.5 V (red) are plotted in arbitrary units. The curves have been shifted vertically
for clarity. As the cage voltage decreases, the top of the peak is flatter and the resolution improves but the
sensitivity decreases. A cage voltage of 2 V was deemed to provide the best balance between sensitivity and
peak shape.
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Table 2.7: Linearity of the QMS measurements. The linear dynamic range of the QMS and processing line
was explored by processing standards ranging from 90% to 200% of the size of the typical gas standards.
The data was then fit in a least-squares sense to a linear function with a fixed intercept of 1. The slopes as
determined by fit as well as their associated uncertainties are listed here.

Isotope Slope 1o

He  0.995 0.001
Ne 0995 0.01
ZNe  0.998 0.009
UAr 0997 0.001
36Ar 1006 0.005
SKr  1.027 0.003
SKr  1.022  0.003
®2Kr 1021 0.003
132Xe  0.994 0.001
129%e 0995 0.002
136Xe  0.984 0.002
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for Xe. The standards show a downward drift for all gases, that could be associated with aging of the
filament and ion source, change in gain on the SEM, changes in room temperature, fluctuations in power
source, etc. A quadratic trendline is fit to these measurements and deviations from the quadratic trendline —
a crude measure of the random uncertainty in the standard measurements — are calculated (Fig. 2-8).

Because of the downward drift, when measuring samples we alternately measure samples and standards
and then use the interpolated standard results to calculate the sample values. Therefore, our objective is
to determine the uncertainty associated with using the standards to predict a value for a sample measured
between adjacent standards. In order to assess this, we treated half of the standards as “unknowns.” We
then fit a least squares smoothing spline to the remaining standards to interpolate the response of the system
at the time of the “unknowns.” By comparing the predicted value to the actual value, we can calculate the
random error in our measurements. The thus computed errors ranged from 0.10% for He to 0.17% for Xe
(Table 2.6).

A number of water samples prepared from a 10 liter container of water that was stirred for 24 hours while
in contact with lab air were analyzed in order to assess the accuracy of the method. The average saturation
state of the samples was calculated from the freshwater solubility values of Krause and Benson (1989) and
are reported in Table 2.8. Helium and neon may be supersaturated due to bubble entrainment during the sam-
pling procedure. The geometry of the plug valves on the sampling cylinder may be conducive to trapping a
small quantity of air. The standard deviation of these samples ranged from 0.7% to 1.2%, possibly reflecting
variability in the samples themselves or in the preparation or in the analysis. This test was conducted before
our method for analyzing all the noble gases was optimal; the method has improved significantly for Ne,
Kr, and Xe after this experiment was completed. Unfortunately, the water container was not located in a
constant temperature bath. A 1 degree change in temperature results in a 3% change in Xe saturation state
so some of the variability in the Xe measurements may be due to temperature inhomogeneities in the bulk
sample. In addition, the relative humidity and the barometric pressure in the room were not monitored and
24 hours may not have been enough time for full equilibration. In a future experiment, one should stir the
water in a temperature controlled bath for at least one week, keep the water in contact with outside air (to
avoid possible changes in gas ratios due to lab air such as a nearby liquid Ar tank or He carrier gas in a gas

chromotograph), and record the relative humidity and barometric pressure at all times. Additionally, since
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Figure 2-7: The stability of the QMS measurements with respect to time was assessed by repeatedly running
standards over several days (black circles). A quadratic trend line of count rates of the standards as a function
of time is shown in gray. The full scales of each plot reflects a 2% range of the signal size. All the gases
show a downward drift, with Xe having the steepest drift. This may be due to aging of the ion source or the
electron multiplier. Histograms of deviations of the measurements from the quadratic trend line are shown
in Fig. 2-8).
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Figure 2-8: Histograms of the deviations (calculated as %) of the repeated measurements of standards run
over several days from a quadratic trend line. The data used for these histograms are the same as depicted
in Fig. 2-7. He, Ne and Ar have smaller deviations than Kr or Xe, reflecting that the lighter gases have a
smaller variability due to random errors.
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Table 2.8: Performance of the QMS for measuring the major isotopes of the five noble gases in distilled
water samples consisting of 90 g of water equilibrated with laboratory air.

4He 20Ne 40Ar 84Kr 132)(e

amount of gas (cm® STP) 4.12x107% 1.6x107° 3.0x1072 3.9x10~6 2.6x107
% saturation 101.1% 99.5% 99.3% 98.5% 98.6%
Precision (%) 0.8% 0.7% 0.7% 1.0% 1.2%

the solubilities of the noble gases depend on the salinity of water, it would be helpful to do the experiment
with seawater so as to better be able to interpret our seawater results.

The uncertainties of this method for replicate seawater samples are 0.96% for He, 0.88% for Ne, 0.28%
for Ar, 0.29% for Kr, and 0.19% for Xe. These are significantly improved for Ar, Kr and Xe but similar for
He and Ne. This may be because (1) our method has improved for Kr and Xe since the distilled water test
was performed and (2) some of the uncertainty in the saturation anomalies of the heavier gas in the distilled
water test was probably a result of temperature inhomogeneities in the water container. The uncertainty has
not improved for He and Ne probably because the uncertainty in those gases is due to bubbles entrained
during sample collection. The He and Ne results from the distilled water tests can be used to correct all

samples for bubble entrainment during sampling.

2.3.2 Performance of the HIMS for He Isotopes

The theoretical limit to the precision of the helium isotope measurement is governed by the number of
3He ions collected (Poisson statistics) and that precision is calculated to be 0.06%. The peak shapes are
well defined for *He and *He with centers of the He peaks at an accelerating voltage of 2844.6 V (Fig. 2-9).
There is good separation between *He and HD (centered at 2837.8 V). The valley between the peaks is about
5% of the *He peak height. The shape of the HD peak is not symmetric, possibly because of interferences
from Hg.

A typical running standard has approximately 3.9x10~¢ cc of He. The signal sizes for the running

standard are approximately 1500 cps for *He as measured on the pulse-counting SEM and 210 pA for “He
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Figure 2-9: The peak shapes for HD and 3He as measured on a pulse counting secondary electron multiplier
(blue) and the peak shape of "He as measured on the Faraday cup (red) all with 1 second integrations at 0.01
V resolution. The peaks for the helium isotopes are flat-topped and are centered at 2844.6 V. The peak shape
for HD is slightly triangular and is centered at 2837.8V. There is good separation between the *He peak and
that of HD, with the valley being approximately 5% of the 3He signal. The SEM background, which is due
to ions that have suffered low-angle scattering off resident gas atoms/molecules, is approximately 1% of the
3He signal and the FC baseline is approximately 0.05% of the “He signal.
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as measured on the Faraday cup with an FET input electrometer. Because of the relatively high partial
pressure of He in the HIMS (2 to 3 x 107 torr), there is a background due to ions that have scattered off
neutrals. This background is typically 16 cps for a standard or sample, thus resulting in a background that
is approximately 1% of the He signal. This background is measured at regular intervals during the analysis
by increasing the accelerating voltage to about 2854 V, off but not far from the *He peak. On the Faraday
cup, there is an electrometer DC offset associated with an input bias current in the input JFETs equal to 0.1
pA, which is 0.05% of the “He signal and is measured and subtracted for each analysis. Uncertainty in this
correction is very small (~0.01%).

There are four components to variability in the isotope measurement: (1) variability in the luminosity
of the source; (2) variability in the beam steering; (3) variability in the gain of the pulse counting SEM
detection system and (4) digitization error (for *He) or ion counting statistics (for He). The variability
in the luminosity of the source can be determined by repeated measurements on the top of the *He peak
to be 0.068pA, or 0.032% of a typical standard size. The variability in beam steering can be determined
by measuring the current while sitting on the side of the *He peak to be 0.004V in acceleration voltage.
The impact of this variability on the measurement depends on peak-shape and slope. A crude calculation,
assuming a slope on the top of the peak of 5%/volt yields an upper bound uncertainty of 0.02% associated
with beam steering variability. The variability in SEM efficiency is an additional source of error; often in
mass spectrometers with pulse-counting SEM, the ion to electron conversion efficiency on the entrance to
the SEM is less than unity. That is, the SEM may not be detecting all the He ions — some ions may not
be starting a sufficiently large cascade of electrons for detection of the pulse. The digitization error for *He
is 0.1 pA per second, suggesting a theoretical error of approximately 0.05 pA, in close agreement with the
observed variability. Ion counting statistics for *He can be calculated from the number of ions detected
(typically of the order 3x10°) to be 0.06%.

The *He/*He ratio measured on air standards is 1.0x10~6. This is calculated by converting the *He
Faraday cup current in pA to ions per second using Coulomb’s constant and taking the ratio of the *He ion
count rate to the *He ion count rate. There is a systematic uncertainty in this conversion, associated with the
tolerance of the current sense resistor (10'° ohms, + 1%), and the uncertainty of the gain in the electrometer

amplifiers (0.2%) and in the voltage to frequency converter (0.1%). The composite uncertainty is thus ~ 1%.
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The ratio measured is smaller than the atmospheric ratio of 1.4x10% (Clarke et al., 1976; Hoffman and
Nier, 1993). One possible explanation is that there may be mass discrimination in the ion source. We tuned
the source on ‘He because it is larger and less subject to the ion counting variations seen with *He and
thus perhaps the *He ions are extracted out of the ion box more easily than the *He ions. Support for this
hypothesis comes from the fact that the apparent isotope ratio (*He/ "He) increases with time during the
analysis.

The estimated efficiency of the ion source is 55%. This efficiency is calculated from taking the ratio
of ions collected in the Faraday cup to the number of ions removed from the system (lost either due to
detection or collisions). In a simple experiment, a gas standard was measured continuously on the peak of
‘He for 20 minutes. The average current was 209 pA. Thus 1.6x10'? ions were collected. The standard has
3.98x10~¢ cc He = 2.05x10'" atoms of He. When the standard was in the HIMS for 20 minutes, the 'He
current decreased by 2.7%. Thus 2.9x10'2 jons are removed from the system. Hence the efficiency, which

is equal to ions collected divided by ions removed, is equal to 55%.

2.4 Discussion

The method presented here measures all five noble gases from a single sample. Good separation of the
noble gases is obtained, even of the heavier noble gases which traditionally have been the most difficult to
separate. The results are reproducible and test water samples show reasonable saturation values. In order to
achieve these results, we had to resolve several procedural issues. Below we discuss several of the problems
that were encountered in developing this method and how we resolved them. Such a discussion may be of

use to those who wish to adapt this method for their own analyses.

2.4.1 Separation of the Noble Gases

The multiple cryogenic system offers a powerful method for separating the noble gases. Although the
principle of the noble gases being released at different temperatures is simple, the actual separation does
not necessarily happen in a straight-forward fashion. On a charcoal cryotrap, the release curves for the
heavier noble gases overlap significantly, with one gas starting to be released long before the previous gas

is 100% released. Additionally, the heavier gases are released at very high temperatures (280 K for Ar, for
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example) on a charcoal trap, requiring very long cycle times. On a stainless steel cryotrap, these problems
are mitigated, as the release curves are sharper and the release temperatures are lower (only 60 K for Ar, for
example). Nonetheless, some small overlap of release curves occurs (Lott, 2001). Furthermore, Ar is orders
of magnitude more abundant than Kr or Xe in water, making it especially difficult to remove all Ar before
analyzing Kr or Xe fractions.

In order to achieve the best separation of the noble gases, we examined a range of release tempera-
tures and procedures. In general, the cryotrap was operated at its minimum temperature to draw the gases
onto it. The temperature is raised to successively higher temperatures to release each noble gas separately.
Sometimes it was necessary to compromise on a release temperature, releasing a gas at a temperature below
which 100% of the gas was released in order to prevent releasing too much of the following gas. For exam-
ple, we found it necessary to release Ar at 60 K, even though only aproximately 80% of Ar is released at
this temperature, in order to prevent Kr from being released with the Ar. Since sample results are compared
to standards, the exact amount of the gas released does not matter, as long as the same percentage is re-
leased in every analysis. Nonetheless, the advantage of being near the 100% release point is that then small
fluctuations in the temperature of the cryotrap do not have a large effect on the amount of gas released.

At the optimal release temperatures, we found that large amounts of Ar were being let in with the Kr
and Xe subsamples. Increasing the pumping time at the Ar release temperature did not significantly reduce
the amount of Ar being inlet with Kr and Xe. We successfully reduced the Ar in the Kr and Xe inlets by
one to two orders of magnitude by isolating, warming, cooling, and pumping on the SSC after the Ar inlet
and before starting the Kr inlet. We hypothesize that some Ar may be initially cryotrapped by the Kr and Xe
atoms in the SSC. By warming the SSC to 155 K, all the Ar, Kr, and Xe atoms are converted to the gaseous
phase. Then when the SSC is slowly cooled to 65 K, the Kr and Xe recondense but most of the Ar remains
in gaseous phase. Pumping on the trap at 62 K removes the Ar. A second possibility is that the temperature
cycling makes it easier to desorb Ar from the surface of the SSC. The Ar is adsorbed to the surface initially.
There is a strong kinetic effect with adsorption/desorption processes that perhaps is hastened by temperature
cycling, allowing the Ar to be pumped away. In any case, we found that the heating/pumping cycle was
necessary to reduce the Ar to less than 20% of the Kr signal and less than 1% of the Xe signal.

Similarly, in order to achieve minimal Kr in the Xe inlet, we added an additional heating/pumping cycle
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immediately after the Kr analysis. Again we theorize that perhaps by warming the trap, we convert all the
Xe to gaseous phase, allowing any Kr cryotrapped by Xe to be freed. Then after the trap is cooled, Kr
is still in the gaseous form and is pumped away. Or perhaps again it is an absorption/desorption Kinetic
issue, hastened by the temperature cycle. In any case, by warming the SSC to 155 K, cooling it to 93K, and
pumping, we were able to reduce the Kr in the Xe inlet by an order of magnitude. We were then able to

make a Xe measurement, in which Kr accounted for less than 10% of the Xe signal.

2.4.2 Matrix Effects of Ar and Xe on Kr

We observed a “matrix” effect with the SSC in which samples with larger amounts of Ar resulted in smaller
Kr measurements. We hypothesize that this effect occurs because the Ar forms a sorption layer or “ice” at
low temperatures that is many layers deep on the trap, rather than forming a simple monolayer. A simple
calculation using the area of the trap and the diameter of an Ar atom results in an estimate of order 100
layers of Ar atoms on the trap surface. It is likely that Kr atoms may be occluded in these layers of Ar.
When the Ar is released from the trap at 60 K, some Kr is released with it and swept from the trap during
head-space expansion of the Ar and pump-out. This leads to a bias where the apparent Kr composition
will appear slightly smaller for a sample with a larger Ar: Kr ratio. We detected no similar effect on Xe,
probably because Xe has a much higher release temperature and thus is pulled onto the trap surface at a
much higher temperature after the thermal cycling, and hence is layered onto the surface below the Ar
layers. Krypton’s vulnerability is that it is more similar to Ar in its sorption characteristics and therefore
more likely commingles with it.

Our initial procedures resulted in an apparent Kr “suppression” of about 5% when doubling the amount
of Ar in the sample. We subsequently modified the procedure to reduce this effect to about 2.5%. The
modification that reduced the matrix effect the most was to release Ar at a lower temperature (60 K rather
than 62 K). This is probably because at the lower temperature, Ar may be less effective as a molecular drag
pump, allowing the Kr to remain sorbed to the trap more easily while Ar is being released. We also changed
the temperature cycle of the stainless steel cryotrap before Ar release to only warm the SSC to 80 K, rather
than the 155 K we originally used. We then slowly cool the SSC from 80K to 25 K. This strategy is based

on the assumption that by raising the SSC to just slightly above Ar release temperature, we convert only Ar
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to the gaseous phase, allowing any Kr and Xe that has been trapped within the Ar to settle “to the bottom” of
the SSC. Then, as we slowly cool the trap, Ar settles on top of the Kr. This new method presumable reduces
(but not eliminates) the Ar-Kr commingling.

Additionally, there is a second matrix effect on Kr due to Xe. If more Xe is in a sample, then more Kr is
released from the trap. One possible explanation, is that Xe can cryotrap some Kr beneath it, preventing the
Kr from being removed when Ar is released at 60 K. A second possibility is that the Xe atoms may passivate
the stainless steel trap, allowing Kr to be more easily released at the Kr release temperature. In either case,
this effect needs to be accounted for.

Although we were not able to completely eliminate either of these effects, we were able to calibrate them
precisely (Fig 2-10). We calibrated these matrix effects by preparing three additional standards composed of
pure Ar, pure Kr, and pure Xe. We then ran a number of gas standards with different numbers of additional
aliquots of pure Ar, pure Kr, and pure Xe. We performed a multiple nonlinear regression to account for the
Ar and Xe effects on the Kr measurements and other Kr “linearity” effects at the same time. We examined

a number of functional forms for the correction and found the form that gave the best fit to the data was
RKri =1+ a1(RKrcc; — 1) — aaAAree; - RKree; + a3 - (RXece; — 1) (2:11)

where i refers to quantities of the unknown sample, a1, as, a3 are constants, RKr; = %‘%’f—‘d RKrec; =
Jst

k{‘; 'N”:d, RXecc; = X)i zzc:d, and AArce = Arce; — Arcegq, with ce referring to amount of gas in cc STP,
and cps referring to the ion count rate measured on the QMS in cps. A non-linear least squares technique was
used to determine the optimal coefficients and their uncertainties (Table 2.9). When Eq. 2.1 was applied to
the gas standard experiments, the amount of Kr (in cc STP) calculated matched the known amount to within
0.1% in most cases, and to 0.2% if the amount of Ar or Xe were more than 50% different from the regular
standard. The errors in the coefficients and in the measurements were propagated to show that for a 35%
deviation in size between standard and sample, the Kr correction would yield a 0.14% uncertainty.

Cold (<15°C) water samples have relative gas ratios similar to that of a running standard consisting of
air and two aliquots of makeup standard. We thus performed similar experiments where we added additional

aliquots of pure Kr, pure Ar, and pure Xe to two aliquots of the makeup standard. These coefficients are

very similar to those for determined with a reference of a one makeup standard, giving confidence in the
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Figure 2-10: Contour plot of the “matrix effect” of Ar and Xe on the Kr measurements. The relative amount
of Kr is plotted vs. the absolute amount of additional Ar (in std cc) added to the standard and the relative
amount of additional Xe (ratio relative to the gas standard and thus unitless). All the standards run in the
experiments plotted here had identical amounts of Kr. However, when more Ar (or less Xe) was added,
the apparent Kr ion count rate decreased. Contour lines are drawn at 1% intervals. White circles reflect
the data points from the experiments. Black x show the expected position of seawater samples with respect
to a typical running standard comprised of air and the makeup standard. We used the data here as well as
additional experiments with pure Ar, pure Kr, and pure Xe standards in order to determine a regression that
can correct for these matrix effects. Kr is the only gas that is affected by a change in Ar or Xe concentrations.
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2.4.3 Hydrogen

To avoid errors associated with preferential ionization and ion collisions associated with other gases, we
wanted to only let in one gas at a time into the mass spectrometer. Not only does this necessitate separating
all the noble gases, but also it means preventing other gases such as HoO, N, O2, CHy, and Hy, a number of
which are far more abundant than the noble gases, from being inlet into the QMS. The initial getter system

used reduced the amount of H,O, Oy, and N, to acceptable levels but did not suffice for Hy or CHy. There
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Table 2.9: Coefficients and their uncertainties (1 o) for the matrix effect of Ar and Xe on Kr with respect to
a reference standard composed of 1 aliquot of makeup (1MU) gas standard and with respect to a reference
standard composed of 2 aliquots of makeup gas standard (2MU).

aj az as

Reference is 1 MU 1.0692 + 0.002 1.2534 + 0.09 0.029118 + 0.002
Reference is 2 MU  1.0454 +0.002 1.2519 +0.04  0.02508 + 0.001

was a large background of Hs in the QMS, with the H, being released from the stainless steel surfaces in
the QMS or processing line or being released by the actuating valves. In order to reduce Ho, we added a
room temperature Fe-Zr-V getter (SAES ST707) to the QMS chamber. Thus once the sample was inlet,
this additional getter sorbed any Hy in the first few seconds of analysis, reducing the Hy by two orders of
magnitude. This getter also reduced N2 by one order of magnitude.

For the HIMS, it is especially crucial to reduce the amount of hydrogen since HD and Hs has a nominal
mass of 3, just as does *He. If hydrogen is too abundant in the spectrometer, the low mass tail of the HD-Hjy
peak interferes significantly at the *He mass position. We thus attached three stainless steel containers, each
with about 50 g of getter material (SAES ST707) to the HIMS. We initially baked the HIMS at 300 °C for
1 week in order to remove hydrogen contained in the stainless steel. When we cooled the HIMS and turned
on the ion beam, we found an unacceptable amount of HD (about 6x10° cps). We thus baked the HIMS
again, this time at a higher temperature of 380 °C. Additionally, we first heated the getters to 700 °C since
when the getters are hot, they release their hydrogen load. Then we cooled the getters and kept them at room
temperature during the bakeout so that they would sorb the hydrogen released from the ion source and flight
tube. We then cooled the flight tube, and only once it was cool did we heat the getters again. By alternating
hot getters with hot flight tube we were able to first use the getters as effective pumps for the hydrogen, and
then to release the hydrogen directly from the getters into the turbo molecular pump. After this bakeout, the
HD was reduced over three orders of magnitude to a value comparable to the *He ion beam for a typical

sample. At this level, the interference was indistinguishable from zero.
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2.4.4 Methane

Not only can other gases interfere with ionization inside the QMS, but also the presence of gases other than
the noble ones and hydrogen on the cryotrap can change the release characteristics of the noble gases from
the SSC. Our original experimentation with another, similarly designed mass spectrometer, showed that
when CH;4 was drawn onto the SSC, it effectively “activated” the trap surface, which retarded the release
of Kr. This is an important potential systematic bias because water samples have approximately a factor of
four higher concentration of CH, than our air standards and thus we observed that our water samples were
yielding erroneously low Kr measurements. Moreover, we were concerned that excessive amounts of CHy,
which was released from the SSC at temperatures above 100 K, consequently accompanied the Kr and Xe
into the QMS, possibly influencing subsequent measurements.

With the aim of reducing CHy4, we examined the effect of raising the temperature of the hot half of the
flow-through getter. At elevated temperatures (supposedly >300°C), the getter should crack some of the
methane into C and Hy. By raising the temperature from 270°C to 310°C we decreased the CHy by 50%.
By further increasing the temperature to 350°C, we made only a modest reduction in the CHy, but more
importantly prevented CHy from gradually increasing over time. Additionally, after drawing the sample
onto the cryotraps, we raised the temperature of the cool side of the flow-through getter to 350°C and then
cooled it again. This temperature cycling resulted in cracking any CHy that remains in the cool part of the
flow-through getter and thus prevented the CHy from increasing over time. Even with these improvements,
however, we still had more CH, in our water samples than in our standards.

We thus introduced a Pd catalyst (0.47% Pd on Al Oxide, BASF R0-20/47) into our sample processing
system to act on the gas sample prior to gettering. Pd and Pt catalysts on alumina, silica, zirconia, and
anatase have been used in the catalytic converter industry to oxidize volatile organic compounds (VOC)
including methane (Lyubovsky and Pfefferle, 1998; Janby et al., 2003; Escandon et al., 2005). When the
catalyst is at temperatures greater than 450°C, Pd catalyzes the oxidation of CHy into CO; and H»O. In our
system, the catalyst must be placed before the getters since oxgyen is necessary for the oxidation reaction
to occur and the getters can then remove the CO, and HyO that are products of the oxidation reaction.
Additionally, the catalyst must be placed after the water trap since the catalyst acts like a “sponge,” soaking

up large quantitites of water vapor and thus is very hard to subsequently pump down.
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After the addition of the catalyst, the amount of CH4 measured in a water sample was equal to the
amount measured in an air standard, both being approximately 20,000 cps. Half of this CH4 comes from the
processing line and the other half comes from the QMS itself, perhaps produced by reactions of CO5 and the
Hy in the stainless steel. Nonetheless, since the amount of CHy is the same for both standards and samples,
if it interferes with our measurements of the noble gases, it would do so the same way for both standards

and samples and thus would have no net effect on our analyses.

2.4.5 Error Analysis

The total error in the measurement of the noble gases in a sample derives from three main sources. One
source is the random and systematic errors associated with the mass spectrometers and processing line
when measuring a sample or standard. The second source is the systematic error associated with how well
we can calculate the amount of gas in a standard aliquot. The third source is the random or systematic errors
introduced in the sample collection or initial extraction of the gases from the water samples. These sources
of error and their estimated sizes for the five noble gases as measured on the QMS are listed in Table 2.10.

To estimate the random error associated with the processing of a sample, we ran standards for several
days. We then treated half the standards as “unknowns”™ and used the remaining half o the standards to
predict the values of these “unknowns”. We used the deviation between the predicted values and the actual
values as a measure of the total error in our sample processing. This random error is listed as “error due to
repeated measurements of standards” in Table 2.10.

We also considered the error inherent in the QMS measurement of a single sample (called here QMS
error). This QMS error is estimated from the uncertainty in the extrapolation of the ion counts back to
the end of inlet (Table 2.10). The fact that we are extrapolating back to inlet introduces an error of about
1.5 to 2 times the intrinsic Poisson uncertainty. The extrapolation reduces dependence on any subsequent
fractionation or modification within the QMS during analysis. Additionally, the QMS error of a single
sample is smaller than the total processing line error (error estimated from repeated standards), suggesting
that much of the variability comes from sample processing rather than from the QMS itsclf. If desired, the
QMS error could be minimized further by increasing the number of scans during analysis.

In this method, we calculate the amount of gas in a sample by comparing the ion count measured by
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Table 2.10: Sources of errors in the measurements of the noble gases.

Source of Error ‘He 20Ne WAy SiRy 183y
1. Air Standards
Repeated Measurements of Standards 0.10% 0.14% 0.10% 0.14%  0.17%
Extrapolation to end of inlet 0.05% 0.10% 0.06% 0.07% 0.06%
Counting Statistics 0.02% 0.05% 0.03% 0.03% 0.02%
Air Standard Calculation 0.1% 0.1% 0.1% 0.1% 0.1%
Temperature 0.04% 0.04% 0.04% 0.04% 0.04%
Relative Humidity 0.01% 0.01% 0.01% 0.01% 0.01%
Pressure 0.001% 0.001% 0.001% 0.001% 0.001%
Aliquot volumes 0.09% 0.09% 0.09% 0.09% 0.09%
Interstitial loss 0.002%  0.002% 0.002% 0.002%  0.002%
Makeup Std 0% 0% 0.1% 0.13% 0.13%
Total error for standards 0.14% 0.17% 0.14% 0.17% 0.20%
2. Water Samples
Correction for linearity 0.007% 0.1%  0.03% - 0.02%
Correction for matrix effects on Kr 0% 0% 0% 0.19% 0%
Correction for gas left in bulb 0.01% 0.01% 0.03% 0.03% 0.06%
Total estimated error for samples 0.14% 02% 0.14% 025% 0.2%
Observed error for duplicate water samples  0.96%  0.88%  0.28%  0.29%  0.19%
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the QMS of the sample to the ion count measured by the QMS of an air standard. Thus it is necessary to
accurately and precisely calculate how much gas is in an aliquot of air standard. Any error in the calculation
of the air standard would lead to a systematic error that would shift all our results. The uncertainties in
the calculation of gas in an air standard include the uncertainties in recording the atmospheric conditions
(temperature, pressure, relative humidity) when the air standard was collected and the uncertainties associ-
ated with determining the volumes of the aliquots and standard cans (Table2.10). In order to minimize the
uncertainties in the collection of the air standard, we take several “reference” air standards over the course
of months that we compare to our running air standard. The reference air standards and the running air stan-
dard agree within 0.2%. We then use these reference standards to better calibrate the running air standard.
Additionally, for the cases of Ar, Kr, and Xe, there is additional error due to the uncertainty in the calibration
of the makeup standard.

When measuring water samples, there are potential additional sources of systematic biases due to the
differences in the size and composition between our water samples and our air standards. Although the
response of the QMS is close to linear, the slope of the linearity calculation has some uncertainty. We could
decrease this uncertainty by more determinations of the linearity correction. Additionally, we correct for the
effect of Ar and Xe on the Kr measurements and this correction leads to some additional error for our Kr
measurements. Finally, when running water samples, some of the gas is left in the water in the bulb. We
correct for this using the weight of the water (measured after each sample has been run) but uncertainties in
the weight of the water, in the temperature of the headspace expansion, and in the ratio of the theoretical to
observed amount of gas left behind lead to additional uncertainties for water samples. A combination of all
the above effects yields an error estimate for our samples (listed as estimated error in Table 2.10).

There is also a source of error associated with the sample collection and initial extraction of the gases.
For example, bubbles can stick to the walls of the sample chamber or lurk in the internal geometry of the
plug valves on the sample cylinders and thus erroneously increase the He and Ne concentrations. Or if the
temperature during the extraction is too low, perhaps not all the Xe is extracted from the samples. Thus it
is not surprising that the uncertainties as determined by duplicate pairs of water samples are larger than on
our gas standards. The truest estimate of the random component of our total measurement and sampling

error comes from duplicate samples. The difference between duplicate samples incorporates all the random
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uncertainties in sampling, processing, and measurement. The errors for the duplicates are the highest for He
and for Ne, suggesting we may be entraining bubbles during sample collection.

The error on our *He measurements from the HIMS can be theoretically calculated from Poisson count-
ing statistics to be 0.06%. For an estimate of the actual error observed, we calculated the deviation from
a least squares smoothing spline loosely fit to the standards to be 0.05% to 0.1%. The error estimated this
way depends on how tight a fit one uses for the spline. Thus to better assess the error, we used half of the
standards to estimate values for the other half and then looked at the deviation for these “unknown™ stan-
dards. The average deviation was 0.07%, suggesting that our #He results are close to the theoretical limit.
To include the random error from sample collection and processing, we consider the difference between

duplicate pairs, which is 0.14%, which is higher than the instrumental error.

2.5 Conclusions

We present here a method for measuring all five noble gases from a single water sample. A new feature of
this method is incorporation of an automated stainless steel cryogenic trap into the processing line of a QMS.
By repeatedly warming, cooling and pumping the trap, we can separate the heavier noble gases, resulting in
improved precision. The precision for this method for air standards for He, Ne, Kr, and Xe is good enough
to be useful for geochemical estimates of processes such as gas exchange. The method is fully automated
and allows measurement of noble gas isotope ratios. The SSC also reduces the time of the measurement,
allowing analysis of all five noble gases in approximately three hours. The method here was used on 90 g
water samples but it could also be used on smaller 1 g samples. Additionally, it could be adapted for use
with rock or ice samples.

The variability in our isotope ratios is smaller than in our absolute abundances, suggesting that this
method might be improved by using isotope dilution. However, since the error for our water samples is larger
than for our standards, the limitations to our measurements does not come from the mass spectroscopy but
rather from the initial sample collection and preparation. Thus future studies should include investigation

on more reproducible ways to collect and extract the gases from seawater.
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Abstract

A multi-year time-series of measurements of five noble gases (He, Ne, Ar, Kr, and Xe) at a subtropical ocean
location may allow quantification of air-sea gas exchange parameters with tighter constraints than currently
available by other methods. We have demonstrated this using a one-dimensional upper ocean model forced
by 6-hourly NCEP reanalysis winds and heat-flux for the Sargasso Sea near Bermuda. We performed en-
semble model runs to characterize the response of the modeled noble gas saturation anomalies to a range
of air-sea gas exchange parameters. We then used inverse calculations to quantify the sensitivity of the pa-
rameters to hypothetical observations. These calculations show that with currently achievable measurement
accuracies, noble gas concentrations in the Sargasso Sea could be used to constrain the magnitude of equi-
librium gas exchange to +11%, the magnitude of the total air injection flux to +14%, and the magnitude
of net photosynthetic oxygen production to 1.5 mol O m~2 y~!. Additionally, we can use noble gases
to quantify the relative contributions of bubbles that are partially dissolved to bubbles that are completely
dissolved. These constraints are based on idealized assumptions and may not fully account for some of the
uncertainties in the meteorological data, in lateral transport processes, and in the solubilities of the noble
gases. As a limited demonstration, we applied this approach to a time series of He, Ne, Ar, and O» mcasure-
ments from the Sargasso Sea from 1985 to 1988 (data from Spitzer, 1989). Due to the limited number of
gases measured and the lower accuracy of those measurements, the constraints in this example application

are weaker than could be achieved with current capabilities.
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3.1 Introduction

Air-sea gas exchange is a crucial component of the biogeochemical cycles of many important gases, in-
cluding Oy and CO,. However, existing air-sea gas exchange parameterizations have uncertainties of
25% 10 50% (Liss and Merlivat, 1986; Wanninkhof, 1992; Wanninkhof and McGillis, 1999; Nightingale
et al., 2000). Eddy correlation techniques provide estimates based on hourly time scales (Wanninkhof and
McGillis, 1999). Radon deficit calculations (Peng et al., 1979) and deliberate dual release experiments (Wat-
son et al., 1991) allow prediction of gas transfer functions for time scales of several days to two weeks. At
the opposite end of the spectrum, gas transfer functions determined from natural '*C balance or bomb “C
considerations (Broecker and Peng, 1974; Wanninkhof and McGillis, 1999) are based on decadal or longer
time scales. The techniques that determine air-sea gas exchange parameters from direct empirical data, such
as purposeful release experiments, are time-consuming and expensive and have only been applied in limited
areas of the ocean. Additionally, few of these methods average gas exchange over time-scales of weeks to
months , and yet it is those time scales that most affect nutrient cycling and biological production.

A monthly time-series of noble gas measurements may help constrain air-sea gas exchange parame-
terizations on monthly time-scales and regional spatial scales. Noble gases are an ideal tool for such an
investigation because they are chemically and biologically inert, and therefore respond only to physical pro-
cesses such as air-sea gas exchange, mixing, transport, etc. Seasonal warming and air injection due to large
wind events drive noble gases out of equilibrium while diffusive gas exchange works to restore equilibrium.
The five stable noble gases, helium (He), neon (Ne), argon (Ar), krypton (Kr), and xenon (Xe), have a wide
range of physical properties. The solubilities of the gases differ by a factor of ten and the diffusivities by
a factor of five (Wood and Caputi, 1966; Weiss, 1970, 1971; Weiss and Kyser, 1978; Jhne et al., 1987;
Hamme and Emerson, 2004). In addition, the solubilities of Kr and Xe are strongly dependant on tempera-
ture, whereas the solubilities of He and Ne are weakly dependant on temperature. This range in properties
causes the gases to respond differently to physical forcing and thus allows quantification of a variety of
physical processes.

To quantify these physical processes, we must combine noble gas measurements with a numerical model
that simulates the noble gas concentrations in a time-evolving environment. The primary objective of the

model is to provide a first order, time-varying description of the key factors that influence noble gas distribu-
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tions such as the vertical distribution of temperature, salinity and mixing in the water column. This modeling
is casier for two reasons if we study the noble gases near Bermuda in the Sargasso Sea at the Bermuda At-
lantic Time-Series Study (BATS) site (31°40°N, 64°10°W). First, a wealth of hydrographic data exists from
the BATS site and nearby Station S (32°10°N, 64°30°W) that can be used to constrain the physical param-
eters in the model. A biweekly time-series of temperature, salinity, oxygen, and other measurements exists
at Station S from 1954 (Schroeder and Stommel, 1969) with a similar monthly time-series at BATS from
1988 (Michaels and Knap, 1996). Second, a one-dimensional vertical model can be used for the gases with
fewer problems at this site than at many others. Thermal forcing is one of the largest determinants of gas
saturation state, and at the BATS site, the large scale circulation nearly parallels the zero contour of net
heat flux (Jenkins and Doney, 2003). Thus the temperature history of the upper water column with respect
to thermal forcing does not vary greatly laterally, suggesting that a one-dimensional model may produce
reasonable values for noble gas distributions.

In this paper, we present a design experiment: given noble gas measurements at currently achievable
measurement accuracy, how well can we quantify air-sea gas exchange processes? First, we describe the
model and method used to constrain air-sea gas exchange parameters from noble gas measurements (3.2).
Second, we present the choice of physical parameters used in the model and show that the model successtully
mimics temperature and salinity data from the Sargasso Sea (3.3). Third, we present a sensitivity study
quantifying how well noble gas measurements can constrain a variety of air-sea gas exchange parameters
(3.4). Finally, as a limited demonstration we apply this method to a three-year time-series of He, Ne, Ar, and
0, measurements collected at Station S from 1985-1988 (Spitzer, 1989) and determine preliminary values

for air-sea gas exchange parameters in a subtropical oligotrophic gyre (3.5).

3.2 Methods

3.2.1 Description of the one-dimensional vertical upper ocean model: Physical parameters

We used a one-dimensional, vertical, modified Price-Weller-Pinkel (PWP) model (Price et al., 1986). The
model previously had been extended to include He, Ne, Ar, and O, (Spitzer and Jenkins, 1989), and here we

extended it further to include Kr and Xe. Moreover, whereas Spitzer and Jenkins (1989) used climatological

78



data to force their model, we used six-hourly National Centers for Environmental Prediction (NCEP) re-
analysis heat fluxes, wind stress, precipitation, etc. (Kistler et al., 2001), interpolated for the BATS site. The
annually averaged net heat flux obtained from the NCEP reanalysis for this location is negative (net cooling)
suggesting that lateral advection balances the heat budget over decadal, or possibly longer, timescales. Thus
a positive heat flux, calculated by balancing the sum of the NCEP heat flux terms to zero (on order 30 to 50
W m~2), is added to the model to compensate for the NCEP extraction of heat and to simulate the effects of
lateral advection.

In addition, in the model there is an effective heat convergence associated with Ekman pumping. We
computed the Ekman pumping from the four day low pass filtered local wind stress curl derived from the
NCEP reanalysis data. The Ekman pumping induced vertical velocity is tapered to zero at the bottom of the
model domain, in approximate concordance with the Sverdrup relation. The vertical heat flux convergence
associated with this flux results in a net heat gain in the model. To prevent the model from warming,
a heat flux of order 5 W m~2 is removed from the water column. The exact magnitude of this Ekman
heat convergence compensation term (Ekm) is difficult to calculate explicitly because it depends on the
simulated vertical temperature profile in conjunction with the vertical velocity profile, and to a lesser extent
on vertical mixing. It thus was treated as a model parameter that was adjusted for long term heat balance.
Furthermore, varying Ekm has the effect of partially compensating for errors in the NCEP heat fluxes. We
evaluated physical model performance as a function of the magnitude of Ekm, the depth range over which
the total heat flux offset (sum of the Ekman compensation and NCEP balance terms) is distributed (Z), the
time scale over which the heat budget is forced to balance, and the background vertical diffusivity (/).

We determined the optimum values for these tunable physical parameters from ensemble runs (n~100)
calculated using an initially wide range of physical parameter values: 107° < K. < 107* m?s7 !, 1 <
Ekm < 15Wm 2, and 10 < Z < 400 m. We quantitatively compared the output of these runs to
BATS and Station S data through the use of a cost function based on the sum of the weighted root mean
square difference between model and observations. Quantities included in the cost function were the winter
mixed layer depth, summer mixed layer temperature, winter mixed layer temperature, summer mixed layer
salinity, average temperature in the top 600 m, and average salinity in the top 600 m. The mixed layer depth

contribution to the cost function was weighted by 25 m, the temperatures by 0.5 °C, and the salinities by 0.1
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psu. As a comparison, we also calculated a second cost function based on the root mean square difference
between model and observed temperature and salinity at depths ranging from the surface to 150 m. In both
cases, a narrower range of physical parameters was then chosen near the optimum and another ensemble
run was performed. The process was repeated until the cost functions displayed no significant difference
between the optimal values of physical parameters.

The net water flux was determined by the difference between the NCEP precipitation flux and the evap-

oration, calculated by converting the latent heat flux from W m 2 to kg m? s~ !. The net evaporation minus
precipitation is about 65 cm y~! so an offset is applied to balance the fresh water flux over the period, as-
suming that this is typically achieved in the ocean by a lateral freshwater flux divergence. The optimal value
for this offset was determined from the BATS salinity data. The model and the gas distributions are not very
sensitive to changes in salinity at this location and thus are not sensitive to the value of this offset.

For the sensitivity study (Sec. 3.4), the model was spun up from 1992-1999 with initial conditions of
temperature and salinity profiles from BATS data and all gas concentrations at equilibrium. We used the cost
function/ensemble run method described above in conjunction with the BATS and Station S data from 1992
to 2002 in order to calculate the optimal physical parameters for this time period. Then simulated noble gas
concentrations from 1999-2002 were used to quantitatively investigate potential constraints on air-sca gas
exchange parameters.

For the example application (Sec. 3.5), the model was spun up from 1978 to 1985 and then simulations
from 1985 to 1988 were used in conjunction with time-series data to determine the air-sea gas exchange
parameters. To determine the optimal physical parameters, we used an inverse analysis with BATS tem-
perature and noble gas data. To determine a reasonable range of physical parameters, we used the cost
function/ensemble run method described above. This range of physical parameters allowed us to calculate
the additional uncertainty in the air-sea gas exchange parameters due to uncertainty in the physical param-
eters. The optimal physical parameters for the 1992-2002 decade differed from those for the 1978-1988
time period, probably because of differences in lateral processes (such as eddies) that are not resolved in the

model.
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3.2.2  Description of the model: Gas exchange parameters

Gas exchange processes are modeled according to standard literature parameterizations with adjustment
permitted through the use of tunable model parameters. The total flux of a gas, Fro7, is the sum of the flux

due to diffusive gas exchange, F; g, and the flux due to air injection, F4;:

Fror = Fge + Fa; 3.1
The diffusive gas exchange flux, Fi;p (mol m™=2 s~1) is given by

-0.5

_aSe ;
Fop =7 -79x 10 8@ u(Cieq — Ciw) (3.2)

where 7 is a tunable model parameter of order 1 controlling the magnitude of the flux, the coefficient is the
constant used by Wanninkhof and McGillis (1999) converted to units of m s~1, S¢ is the Schmidt number
(ratio of the kinematic viscosity to the molecular diffusivity of the gas of interest), u1q is the wind speed
(m s~ ') at 10 m height above sea-surface, n is the exponent controlling the wind-speed dependency of the
flux, and C; ,, and C; ¢, are the concentrations of gas 7 in the water and at equilibrium, respectively. A cubic
wind speed dependency (n = 3), as proposed by Wanninkhof and McGillis (1999), is used in most model
runs. In the few runs with a quadratic wind speed dependency (n = 2), the value of the coefficient changes
to 8.6x10~" m s~ in order to scale the total gas flux to the global average 14C exchange rate (for details
see Wanninkhof, 1992).

In the model, the flux due to air injection, F'47, has contributions from two types of bubbles. Some bub-
bles are completely trapped, i.e. completely dissolved after injection, and therefore inject air of atmospheric
abundances into the water column. Other bubbles only partially dissolve before rising to the surface, in
which case the injected gases are fractionated as a function of diffusivity and solubility (Fuchs et al., 1987;

Jenkins, 1988a; Keeling, 1993; Woolf, 1993). Thus the total air injection flux, F4;, is equal to

Fa; = Fo + Fp (3.3)

where F refers to the flux from bubbles that are completely trapped and Fp refers to the flux from bubbles
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that are only partially dissolved.

The flux due to completely trapped bubbles is dependent on the partial pressure of the gas in the atmo-
sphere and the volume entrainment rate of the air entrained. This volume entrainment rate is given by a
combination of the whitecap coverage formulation of Monahan and Torgersen (1990) with the air entrain-

ment velocity estimate of Keeling (1993):

)
P

Fo = Yac Ac+ 2 x 1078 (uyp — 2.27)3y, -

(3.4)

where 7 4. is a tunable model parameter of order 1 that scales the magnitude of the complete trapping flux,
A, is a constant coefficient equal to 1.4x107%, v, is the air entrainment velocity (0.01 m s™h, R is the
gas constant (8.31 J mol~! K™!), 7" is the temperature (K), and P; , is the partial pressure of gas ¢ in the
atmosphere (Pa). We calculated the coefficient A, by performing ensemble runs (n~100) and then using
a cost function to determine the value of Ac that allowed the best match to He, Ne, and Ar data from the
Sargasso Sca. Eq. 3.4 is valid for wjp > 2.27 m s™1. Atuyg < 2.27ms™ 1, F.issettoO.

The partial bubble trapping flux depends upon the volume entrainment rate, the solubility and diffusivity

of the gas, and the difference between the partial pressure of the gas in the bubble and in the water :

P).IJ - R.H'

Fp =7ap- Ap-2 x 107%(u1g — 2.27)*veaf D} RT

(3:9)

where 7,4, is a tunable model parameter of order 1 that scales the magnitude of the partial trapping flux, A,
is a constant coefficient equal to 2x10°, a is the Bunsen solubility coefficient of gas i, D is the diffusivity
(m? s~ 1) of gas i, a and b are exponents controlling the power dependency of a and D respectively, and P, j,
and P, ,, are the partial pressures of the gas in the bubble and in the water (Pa). We calculated the coefhicient
A, by performing ensemble runs (n~100) and then using a cost function to determine the value of A, that
allowed the best match to existing He, Ne, and Ar data from the Sargasso Sca. The power dependency of
and D can be determined theoretically depending on whether the bubbles are believed to be clean (a = 1,
b= 1/2)ordirty (a = 1,b = 2/3) (Levich, 1962) or can be determined by modeling studies of characteristic
bubble populations (a = 0.7, b = 0.35) (Keeling, 1993). In this study, we examined the sensitivity of the

results to the choice of a and b. Unless noted otherwise, we will report results for a = 1, b = 2/3. Eq. 3.5



is valid only for ujgp < 2.27ms™'. Atujo < 2.27 ms™!, F, is set to 0. Eq. 3.5 is similar to the partial
trapping flux equation used by Keeling (1993) when appropriate scaling factors and units are used.

The partial pressure of the gas in the bubble, P, depends on the size and depth distribution of the
bubbles and thus is a complicated problem of bubble dynamics. Here, however, P, ;, is simply approximated

by:

P;p = Xi(Patm + pghvus) (3.6)

where X is the mole fraction of gas ¢ in dry air, Py, is the atmospheric pressure of dry air (Pa), p is
the density of water (kg m~?), g is the gravitational acceleration (9.81 m s~!) and hpup (m) is the average
dissolution depth for the bubbles. This expression takes into account the hydrostatic pressure felt by the
bubble but neglects the effects of surface tension on the bubble. The depth hy,, used for the hydrostatic

pressure calculation, is approximated by:

1
By = 5(0.3'1”0 —1.1) 3.7

which is the bubble cloud residence depth/wind speed relationship of Graham et al. (2004), multiplied by
a bubble depth scaling factor of % to take into account that the bubbles partially dissolve along their entire
downward and upward transect rather than simply at their residence depth. The results were not sensitive to
the choice of bubble depth scaling factor since a decrease in the scaling factor could be compensated for by
an increase in v4,. Eq. 3.7 is valid only for ujp > 3.7ms™'. Atujg < 3.7ms™!, hpup 1 set to 0.

Both the diffusive gas exchange flux and the air injection flux parameterizations (Eq. 3.2 and Eq. 3.5)
require knowledge of the solubilities of the noble gases. These solubilities were determined by Weiss in
the 1970s (Weiss, 1970, 1971; Weiss and Kyser, 1978). More recently, the solubilities of Ne and Ar were
redetermined by Hamme and Emerson (2004b), with these newer results differing from those of Weiss by
1% for Ne and 0.4% for Ar. We performed most of the calculations with the Ne and Ar solubilities of
Hamme and Emerson. We assumed that the difference in the Ne solubilities between Weiss and Hamme
and Emerson was due to a systematic difference in technique. We thus scaled the Weiss sclubility values for

He (which was not determined by Hamme and Emerson) with the same correction factor that was needed to




make the Weiss Ne solubility equal to the Hamme and Emerson Ne solubility. This correction factor, which
depends on temperature, ranges from 0.5% at 18°C to 1.5% at 29°C. We performed some calculations
with the Weiss solubilities in order to assess the effect of different solubility functions. Additionally, we
propagated the uncertainty in solubility determination, when appropriate, throughout all the calculations.

Biological production is incorporated through the use of an idealized oxygen production and consump-
tion profile. In the upper 100 m, the oxygen productivity profile, Prod, is represented by a sine curve
according to

Tz
Prod o~ sin — fi 2z < 100 (3.8
rod o< sin 100 or < m (3.8)

where = is depth (m). Below 100 m, oxygen is consumed exponentially:

—(z — 100
Prod (‘xp(—(A—*—)) for z > 100m (3.9)

where z* is a scaling depth of 295 m that was chosen based on tritium-helium dating (Jenkins, 1980). Since
oxygen production by photosynthesis above 100 m should approximately balance oxygen consumption from
remineralization below 100 m, the integrated production above 100 m was scaled to balance the integrated
production below 100 m. The total oxygen production and consumption, Prop. is then scaled by tunable
model parameter 4 p and seasonally modulated with maximum production in carly spring (Musgrave et al.,

1988; Spitzer and Jenkins, 1989), according to

Pror = vp - Prod - [1 +sin(2n(t — t,))] (3.10)

where t is the model time and t, is 1995 (a year in the middle of the time-series). This is an idealized
approach to biological productivity and at the moment is not intended to give new information about biolog-
ical productivity at the BATS site. Rather it simply illustrates that O2 and Ar measurements can be used to
constrain biological productivity. Future work will likely use better data assimilation techniques for oxygen

and argon in order to estimate useful values of biological production at the BATS site.
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3.2.3 Linearization and inverse technique

The equations above mathematically describe the effect of diffusive gas exchange and air injection on the
signatures of the noble gases. Qualitatively, the equations illustrate that there are three types of forcing for
the noble gases: thermal forcing which changes the saturation state of the gas, diffusive gas exchange, and air
injection. For insoluble gases such as He and Ne, the diffusive gas exchange flux balances the air injection
flux, making separation of the terms difficult. For soluble gases such as Kr and Xe, the air injection flux is
relatively less important. Thus thermal heating (which is directly observed) causes a diffusive gas exchange
flux, which can then be calculated from mass budgets. We then used this estimated diffusive gas exchange
flux and the He and Ne results to quantify the air injection fluxes. In practice, we actually determined the
diffusive and air injection fluxes simultaneously using all five noble gases, as described below.

The four tunable geochemical model parameters in the above equations are gas exchange magnitude ¢,
complete bubble trapping magnitude 4., partial bubble trapping magnitude YAp, and biological production
magnitude yp. In order to quantify these factors, we first constructed a reference case by running the model
using the most probable values of all model parameters (Table 3.1). For ~¢ and ~p, literature values were
used to assign the reference case. For « 4. and 74p» reference values of 1 were chosen since the coefficients
Ac and A, had been calculated to best match observations. Second, we ran the model with a range of values
for a given model parameter, holding all other model parameters constant at the reference values, in order to
linearize the response of an observational metric to a given model parameter. The observational metrics are
measurable quantities, such as the surface saturation anomaly of a noble gas. This linearization ultimately
allowed us to estimate how well noble gas measurements, at current measurement capabilities, can constrain
air-sea gas exchange parameters. The linearizations are robust to data noise, and physical model error and
they provide direct interpretation of parameter impact on observational metrics and error propagation. The
sensitivity study shows that the approximation of a linear response is appropriate.

As an initial step, we used the linearizations in a partial derivative method to determine which observa-
tional metrics offer the best constraints on a given model parameter. This approach assumes all other model
parameters are known with zero error. All uncertainties in this paper refer to 1o values. The estimated
uncertainty in the model parameter, 0q,qm, Which is essentially the constraint on the model parameter, can

be calculated from the following equation:




Table 3.1: Reference case values for the tunable gas exchange model parameters chosen either according
to literature values (y¢;, yp) or to best match previous observations (ya¢, vap)- All of the parameters are
unitless except for the oxygen production parameter 7yp.

Model Parameter Description Reference Value
YG Magnitude of diffusive gas exchange 1
VAo Magnitude of complete trapping component of air injection 1
YAp Magnitude of partial trapping component of air injection 1
Yp Magnitude of net biological production 5mol Oy m2y~!

Ometric  AObservational M etric

= = slope 3.11)
Oparam A M odel Parameter i (

where g,,e1ric is the estimated uncertainty in the observational metrics achievable with present measurement
capabilities and slope refers to the slope calculated from the linearization. Laboratory experiments indicate
that it is possible to achieve at least 0.1% measurement uncertainty on measurements of He, Ne, and Ar
and at least 0.2% measurement uncertainty on measurements of Xe using peak height manometry on a
quadrupole mass spectrometer. Such uncertainties depend on adequate purification and separation of gases
to eliminate matrix effects, and highly reproducible experimental procedures achieved by precise computer
control of all processing. There will be additional error due to sampling and gas extraction. However,
systematic biases can be assessed by careful experimentation, and random errors can be overcome by over-
sampling the water column (e.g., multiple samples within the mixed layer).

The situation is more complicated than the partial derivative method suggests because we do not know,
a priori, the values for any of the model parameters and because the metrics depend on more than onc pa-
rameter. In order to take into account this complexity, we also calculated the parameter constraints using a
full inverse method that utilizes multiple observational metrics. For the full inverse method, we used simu-
lated ““data” of the distributions of the five noble gases from a model run with reference model parameters.
Then we used singular value decomposition (SVD) and the linearizations to simultancously determine all

of the model parameters from the “data” weighted by the currently achievable measurement uncertainty of
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the observational metrics. The uncertainties determined from the SVD calculations give us the potential
constraints on the model parameters. In the future, when we have an actual dataset of all five noble gases,
we will explore using nonlinear optimization techniques rather than the SVD.

Additionally, we calculated linearizations using different sets of physical parameters (see Section 3.3
for description of the sets of physical parameters) and thus determined the uncertainty produced by ambi-
guity in the one-dimensional model physics. We added in quadrature the uncertainty due to the noble gas
measurements as determined from the SVD and the uncertainties due to model physics to determine final

constraints on the model parameters.

3.3 Choice of physical parameters

The physical model is able to mimic reasonably well the mixed layer depth, temperature, salinity, and
average temperature in the top 600 m (approximately proportional to total heat content) for a ten-year period
when the appropriate physical parameters are chosen (Fig. 3-1). The root mean square deviations between
model and data are 70 m for mixed layer depth, 1.2°C for mixed layer temperature, 0.13 psu for mixed layer
salinity, and 0.4°C for average temperature in the top 600 m. The winter mixed layer depths predicted by the
model have the largest root mean square deviation from the data relative to the weights assigned in the cost
function. This may be because the mixed layer depth is sensitive to convection of relatively homogeneous
mode waters, and thus small year to year variations in lateral heat transport, mesoscale eddies, and errors
in heat fluxes can lead to large variations in winter mixed layer depth (Doney, 1996). No long-term drift is
apparent in the optimized model, even when the model is run for forty-five years. The model-data agreement
suggests that the model is an adequate description for the seasonal physical evolution used for the noble
gases.
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